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Abstract

:

A parallel active power filter (APF) is generally used to suppress dynamic harmonic current and compensate reactive power in the grid. However, parallel APF may have a negative effect on the load current when compensating the nonlinear load of a voltage source type, which may lead to the amplification effect of the load harmonic current. In this paper, the fundamental causes of harmonic current amplification were analyzed by studying the harmonic current amplification effect when a parallel APF compensates a nonlinear load. According to the results of the theoretical derivation, a feasible method to limit this current amplification effect by changing the system structure and the APF’s own control was proposed, and the corresponding design scheme is given. Finally, the correctness of the theoretical derivation of the harmonic current amplification effect and the feasibility of the proposed solution were proven through simulation and experiment.
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1. Introduction


Diode uncontrolled rectifier converters have been widely used in switching power supply, AC servo drive (ASD), uninterruptible power supply (UPS), and other equipment due to the advantages of simple control and low cost. However, this type of converter injects a large amount of harmonic current into the power grid and is increasingly becoming the most important harmonic source in the power grid. According to whether the DC side of the uncontrolled rectifier bridge is connected with inductive or capacitive elements, it can be classified into a nonlinear load current source type and nonlinear load voltage source type.



In recent years, various studies have classified harmonic sources and filtering methods in detail, and studied the compensation characteristics of APF for different types of harmonic sources. Studies [1,2,3,4,5] have looked at the compensation of different types of loads by parallel APF and series APF from different perspectives, pointing out that parallel APFs are suitable for compensating current source type nonlinear harmonic sources and series APFs are suitable for compensating voltage source type nonlinear harmonic sources. Some studies have proposed methods of compensating voltage source type nonlinear load with parallel APFs, but research has only focused on the description, analysis and simulation of the phenomena generated when APF compensates a voltage source type nonlinear load, and fails to provide quantitative analysis and experimental verification [2,3,4,5,6,7]. Previous work [5] has pointed out that the original system is at risk of resonance and load current peak overcurrent when a parallel APF compensates for a capacitive non-linear load by analyzing the working process of an uncontrolled rectifier non-linear load. The studies in [6,7] describe the characteristics and phenomena of parallel APF compensation motor and capacitor harmonic sources and converter harmonic source compensation.



An uncontrolled rectifier connected with a capacitor resistance load is looked upon as a typical voltage source type nonlinear load. Based on the study of the load characteristics, this paper focused on the harmonic current amplification effect of parallel APFs compensating for a typical voltage source type nonlinear load. A feasible method to limit the current amplification effect is proposed, and a brief design scheme is given. This paper illustrates that the equivalent impedance of the system side, the equivalent impedance of the load AC side, and the impedance characteristics of the load itself are the fundamental causes of the harmonic current amplification effect, and also provides quantitative analysis. The use of parallel APFs in compensating a voltage source type nonlinear load is limited by the harmonic current amplification effect. Finally, the simulation and experimental results prove that the theory of harmonic amplification effect is correct and the proposed solution feasible.




2. Research on Input Impedance of Voltage Source Type Nonlinear Load


Figure 1 shows the system main circuit structure of a parallel APF compensation voltage source type nonlinear load, where LL is the impedance of the AC side of load and LS is the equivalent impedance of the system side. LS mainly includes two parts, namely the leakage inductance of the power transformer and the equivalent impedance of the transmission line. The structure in the dashed box in Figure 1 shows the typical resistance–capacitance uncontrolled rectifier nonlinear load.



If a capacitor filter is used behind the rectifier bridge and the capacitor is large enough, the DC side voltage of the rectifier bridge will remain basically constant and has similar characteristics to those of a voltage source, which can be equivalent to an ideal harmonic voltage source in series with an impedance. Additionally, the larger the capacitor value, the smaller the equivalent impedance; thus the closer the ideal harmonic voltage source in terms of characteristics. Therefore, as shown in Figure 2, the diode full-bridge rectifier circuit with capacitive filtering can be regarded as a voltage type harmonic source. The current research on APF compensation voltage-type harmonic sources is treated according to this approximate Thévenin equivalent [8,9,10].



Figure 3 shows an impedance diagram of the diode three-phase full bridge rectifier circuit. Assume that the current on the DC side is a continuous current, and the load connected behind the DC side is replaced by a resistor. In analyzing the circuit impedance with a small signal response, an important difference between the three-phase full-bridge rectifier circuit and the single-phase rectifier circuit is that the response of the three-phase rectifier circuit has an important relationship with its phase sequence [11,12]. This paper only focused on the positive order small signal response as an example, and gives the general steps of impedance analysis.



Assume that the three-phase balanced positive sequence voltage is:


{va(t)=V1sin(ω1t)+Vpsin(ωpt+θp)vb(t)=V1sin(ω1t−23π)+Vpsin(ωpt−23π+θp)vc(t)=V1sin(ω1t+23π)+Vpsin(ωpt+23π+θp)



(1)




where VP is the amplitude of the introduced small signal disturbance; ωp and θp are the angular frequency and initial phase of the introduced small signal disturbance, respectively; and V1 and ω1 are the amplitude and angular frequency of the fundamental voltage of the system, respectively, where V1 > VP. According to the amplitude of the three-phase voltage, a mapping function is established. Sgni = 1 (i = a, b or c) is defined when one phase voltage i is higher than the other two phases, sgni = −1 is defined when the one phase voltage is lower than the other two phases, and sgni = 0 is defined in the other cases. According to the defined switching function, the DC side voltage behind the rectifier bridge at this time can be expressed as a function of the three-phase voltage before the rectifier bridge, and the AC side current can be expressed as a function of the DC side current:


vdc(t)=sa(t)va(t)+sb(t)vb(t)+sc(t)vc(t)



(2)






{ia(t)=sa(t)idc(t)ib(t)=sb(t)idc(t)ic(t)=sc(t)idc(t)



(3)







The equation for the three-phase positive sequence mapping function in the frequency domain derived from [13,14,15] is as follows:


Sa[i]={−(−1)kj3π(6k±1)i=(6k±1)f1αcos(2kπ3∓π6)e∓jπ2ejkπi=2kf1±fp



(4)






Sb[i]={−(−1)kj3e∓(j23π)π(6k±1)i=(6k±1)f1αcos(2kπ3∓π6)e∓j5π6e−jkπ3i=2kf1±fp



(5)






Sc[i]={−(−1)kj3e±(j23π)π(6k±1)i=(6k±1)f1αcos(2kπ3∓π6)e∓jπ6ejkπ3i=2kf1±fp



(6)




where α = Vpe ± jθ/πV1, and it can be seen from the above frequency domain equation that each phase’s mapping function contains harmonics of (6k ± 1)f1, but harmonics are independent of disturbances. When the mapping function in the frequency domain form is determined, the input impedance in the case where the diode does not control the three-phase positive sequence of the rectifier bridge can be obtained through the following steps:




	(1)

	
According to Equation (2), the frequency domain convolution is performed between the three-phase AC input voltage and the obtained mapping function to calculate the frequency spectrum of the DC side voltage VDC.




	(2)

	
According to the frequency spectrum of the obtained DC side voltage and the known DC side impedance, the frequency spectrum of the DC side current is calculated.




	(3)

	
According to Equation (3), the frequency domain convolution is performed between the obtained frequency spectrum of the DC side current and the switching function to calculate the frequency spectrum of the AC side current IAC.









Based on Equations (2)–(6), the simplified input impedance of the three-phase rectifier bridge can be obtained as follows:


Zac(S)≈π29(1Zdc(0)+1Zdc(s−j2πf1))−1



(7)







According to the obtained Equation (7), the impedance spectrum of the three-phase rectifier bridge with resistance and capacitance load was plotted. The main circuit parameters were the equivalent impedance of the system side: Ls = 90 μH, RS = 0.5 Ω; resistance-capacitance load: C = 1 mF, R = 5 Ω; pure resistance load used to compare: R = 15 Ω, resistance–inductance load: R = 15 Ω, L = 2 mH, and its spectrum characteristics are shown in Figure 4.



According to Figure 4, with the increase of frequency, the input impedance of the resistance–capacitance load’s uncontrolled rectifier decreased rapidly, while the input impedance of the resistance–inductance and pure resistance uncontrolled rectifier changed very little and showed an upward trend. At this time, the input impedance of the resistance–capacitance load was −20 dB, the equivalent impedance of the system side was −4.2 dB, and the AC input impedance of the resistance–capacitance load was much smaller than the equivalent impedance of the system side. Moreover, with the increase in frequency, the equivalent impedance of the system side was larger and the AC input impedance was smaller. However, the pure resistance and resistance–inductance uncontrolled rectifier were opposite.




3. Analysis and Suppression Measures of Harmonic Current Amplification Effect


A parallel APF detects the harmonic current that need to be compensated, and then generates a compensation current of equal amplitude but opposite phase, and the current is injected into the common coupling point (PCC), so that the grid side can obtain the desired current and improve the power quality of the power grid. The parallel APF is connected to the PCC through an LCL filter, which is mainly used to filter out the switching ripple. The main parameters used in the experiment are shown in Figure 1.



3.1. Theoretical Derivation


Figure 5 is a single-phase fundamental equivalent circuit and a single harmonic equivalent circuit diagram of a parallel compensation system under an ideal power supply voltage, where λ is the harmonic current compensation rate, the voltage source VLo is a nonlinear load, ZLo is the input impedance of the nonlinear load, and the current source IC is a parallel APF.



For the convenience of analysis, when only equivalent circuits at harmonic frequencies are studied, it is assumed that the power supply voltage does not contain harmonic components, the power grid is equivalent to a short circuit for harmonic frequencies, and the load is replaced by a single harmonic voltage source VLoh, so a single-phase equivalent circuit is as shown in Figure 5b. The analysis can be divided into the following situations:



3.1.1. Parallel APF Fully Compensates Harmonic Current under Ideal Power Supply Voltage


Before parallel APF compensation, the current source IC branch is equivalent to an open circuit, the APF compensation current IC = 0, the system current Ish is equal to the load current ILh, and the harmonic voltage at the PCC point is shown in Equation (8).


Vh=−IshZsh=(ZLh+ZLoh)ILh+VLoh



(8)







Assuming that the APF completely compensates for the load harmonic current, when the system reaches a new balance after the APF compensates, ISh′=0, and the compensation current IC of the APF is equal to the load harmonic current, ILh′=IC. At this time, the load AC side harmonic voltage VLoh also changes, μ is defined as the AC side voltage change coefficient before and after compensation, and for a single harmonic voltage, the PCC point voltage after compensation is:


Vh=−Ish′Zsh=(ZLh+ZLoh)ILh′+VLoh′=0



(9)







Simultaneously, Equations (8) and (9) can be derived:


{ILh(ZSh+ZLh+ZLoh)+VLoh=0ILh′(ZLh+ZLoh)+μVLh=0



(10)







According to the above equation, the harmonic current of the load before and after parallel APF compensation has the following relationship for the voltage source type nonlinear load under study.


ILh′ILh=μZSh+ZLh+ZLohZLoh+ZLh=μ(1+ZShZLh+ZLoh)



(11)








3.1.2. Parallel APF Partially Compensates Harmonic Current under Ideal Power Supply Voltage


In practical application, an APF cannot fully compensate the load harmonic current due to the existence of a delay in the digital control and the limitation of the controller bandwidth. Assuming a harmonic current compensation rate of λ, APF will compensate the current IC=λILh′(0<λ<1), system harmonic current ISh′=(1−λ)ILh′, and load AC side voltage VLoh′=μVLoh after it is put into operation. At this point, the PCC point voltage after compensation is:


Vh=−Ish′Zsh=(ZLh+ZLoh)ILh′+VLoh′



(12)







Simultaneously, Equations (8) and (12) can be derived:


{ILh(ZSh+ZLh+ZLoh)+VLoh=0     (1−λ)ILh′ZSh+ILh′(ZLh+ZLoh)+μVLoh=0



(13)







According to Equation (13), the harmonic current of the load before and after parallel APF compensation has the following relationship:


ILh′ILh=μZSh+ZLh+ZLoh(1−λ)ZSh+ZLoh+ZLh=μ(1+λ(1−λ)+(ZLh+ZLoh)/ZSh)



(14)







Comparing Equation (14) with Equation (11), it can be seen that Equation (14) can be written as Equation (11) when λ = 1, that is, Equation (11) is a special case of Equation (14), so Equation (14) can be used as a general expression to describe the harmonic current amplification effect.



Assuming that the system power supply voltage is distorted, the single-phase harmonic equivalent circuit can be simplified as shown in Figure 6. According to the above similar analysis, it can be obtained that in the case of complete compensation, there is a relationship as shown in Equation (15) before and after compensation:


{ILh(ZSh+ZLh+ZLoh)+VLoh=VShILh′(ZLh+ZLoh)+μVLoh=VSh 



(15)







At this time, it can be deduced that in the case of a distorted power supply, after a parallel APF completely compensates for a single harmonic, the change of a single harmonic before and after compensation is exactly the same as Equation (11), that is, the distortion of the system voltage has no effect on the change of the load current before and after compensation. Similarly, it can be deduced that the change formula of a single harmonic before and after compensation is the same as Equation (14) under the case of partial compensation of the load current. Therefore, this paper used Equation (14) as a general formula to analyze the harmonic amplification effect.





3.2. Analysis of Harmonic Amplification Effect


The AC side voltage variation coefficient of the voltage source type nonlinear load is determined by the switching characteristics of the nonlinear load itself and the DC side voltage, and has little relationship with the AC side. Therefore, μ is temporarily taken to be equal to 1 in order to simplify the analysis, as can be seen from Figure 4, and the influence of the input impedance of the rectifier bridge on the harmonic current amplification effect can be ignored in the analysis. As a result, for the load studied in this paper, the harmonic current amplification effect was only related to the load harmonic current compensation rate, the system equivalent impedance, and the equivalent impedance of AC side of load. Therefore, for the loads used herein, Equation (14) can be simplified to:


ILh′ILh=1+λ(1−λ)+ZLh/ZSh



(16)







The equivalent impedances of the system side are the leakage inductance of the power transformer and the equivalent impedance of the transmission line, which can generally be considered unchanged. If the load is only connected to the PCC point through a section of ordinary wire, its impedance of the AC side is only the equivalent impedance of this wire, that is, ZLh is very small, even far less than the equivalent impedance of the system side. The harmonic compensation rate should generally reach more than 90%. Therefore, take 0.8 < λ < 1, 0 < ZLh/ZSh < 1. Assuming ZLh/ZSh = 0.01, if the APF harmonic is completely compensated, the load harmonic current will be amplified to 100 times before compensation.



The three-dimensional relationship of the harmonic amplification factor, harmonic compensation ratio, and impedance ratio is shown in Figure 7. As can be seen from Figure 7, when the ratio of the AC impedance of the load to the equivalent impedance of the system side is constant, the amplification factor of the harmonic current increases with an increase in the harmonic compensation accuracy. When the harmonic compensation rate is constant, with the decrease in the impedance ratio, the amplification factor of the harmonic current after compensation is larger. When the impedance ratio is close to 0 and the compensation accuracy is close to 100%, the harmonic amplification is close to infinity.



The load harmonic amplification effect is the result of the parallel APF itself, the nonlinear load, and the system. In the process of parallel APF outputting the compensation current, the load harmonic current increases continuously while the APF outputs a larger compensation current according to the detected load side harmonic current. This is equivalent to a kind of “positive feedback”. When the system reaches a new balance without considering the APF capacity limit, the system will regain stability.



However, the harmonic current amplification effect will cause serious harm. First, the increase in the harmonic current load will affect the normal operation of its own equipment, shorten the service life of the equipment, or cause electromagnetic interference and other problems. In serious cases, the load may even exceed its capacity limit, resulting in damage to the load. Due to load harmonic current amplification, it is easy to exceed the APF’s compensation capability, resulting in saturation or overcurrent.




3.3. Measures to Suppress Harmonic Amplification Effect


From the above analysis, it can be seen that for the three-phase full bridge rectifier circuit studied in this paper, the amplification effect of the load harmonic current was mainly related to three parameters. The smaller the equivalent impedance value of the system side, the better. However, the equivalent impedance value of the system side is difficult to change in actual systems. The load harmonic compensation rate can be easily changed in the APF control program, and the impedance value of the AC side of the load can also be easily changed through a simple modification of the system. Therefore, in order to suppress the amplification effect of the load harmonic current, this paper was conducted from the two aspects of the system structure and APF’s own control.



3.3.1. AC Side of Load Is Connected in Series with Inductor


It can be seen from Equation (16) that increasing the impedance on the AC side of the load can reduce the amplification factor of the load harmonic current when the equivalent impedance of the system side keeps constant. The larger the series inductance, the better the effect of suppressing the harmonic current amplification. However, if the impedance value of the AC side of the load connected in series is too large, the voltage drop across this impedance will be large, resulting in a voltage drop on the DC side of the rectifier. Additionally, the reactive power of the system is increased. If the series inductance is too small, the suppression effect is difficult to play.



As is widely known, compared with passive power filters, APFs have great difficulty in application due to the increased costs. Generally speaking, the larger the APF capacity, the higher the cost. In engineering practice, the APF’s capacity is calculated according to the load harmonic current, and the APF capacity is proportional to the effective value of system harmonics. Therefore, the amplification effect of the load harmonic current is proportional to the increase in APF capacity. Define the APF’s capacity increase as follows: m=ILh′/ILh. When an APF is used to compensate the voltage source load, the corresponding APF capacity will be increased by 120%, while the harmonic after compensation is amplified to 120% before compensation. In order to reduce the cost of harmonic control, the more economical way is to use harmonic control devices to control the harmonic content of the current on the system side just within the standard, and define the residual harmonic content as the ratio of the harmonic content on the system side after compensation to the harmonic content before compensation, i.e., 1 − λ. The voltage source type three-phase full bridge rectifier load studied in this paper could basically meet the standard of harmonic compensation when the harmonic compensation rate was 90%. Therefore, starting from reducing the cost of APF in engineering applications, this paper provides a standardized method to determine the impedance value of the AC side.



First, according to the specific conditions of the load, the value of the harmonic compensation rate λ is determined if the standard is met. Second, the equivalent impedance of the system side is determined according to the specific working conditions. Then, the above-mentioned values are substituted into the simplified Equation (16), and the magnitude of the impedance value on the AC side of the load to be connected in series is derived according to the value of m, as shown in Equation (17). Figure 8 shows the relationship between the corresponding series impedance value and the required capacity of the APF when the harmonic compensation rates were 85%, 90%, and 95%, respectively. It can be seen from the figure that when the APF capacity increased a little, a considerable reactance needs to be connected in series on the AC side of the load, but with an increase in the APF capacity, the series reactance value will not change much. In the specific engineering design, it is also necessary to consider the impact of the impedance value of the AC side of the serial load on the fundamental voltage drop and system power consumption.


ZLh=1−m−mλm−1Zsh



(17)








3.3.2. Changing the Output Current of the Parallel APF


The amplification of harmonics can be reduced by appropriately reducing the compensation rate of parallel APF for some harmonic currents. Based on Equation (16), Assuming ZLh/ZSh = 0.01, the harmonic compensation rate will be reduced from 1 to 0.9 and the harmonic amplification will be reduced from 100 to 9.182. However, if the impedance on the AC side of the load is very small, the limitation of this method on the harmonic amplification effect is also limited.






4. Simulation, Experiment, and Result Analysis


4.1. Parallel APF Control Strategy


In this paper, the parallel APF adopted the control method based on load current detection, and Figure 9 is the control block diagram of the APF. The control of the APF is mainly completed by a digital signal processor (DSP), the detected signal is input to DSP after A/D conversion, the compensation current command generation, the current control and state space vector PWM modulation are completed in sequence, and the PWM pulses are sent out to control the on–off of the converter’s main power device.



The key part of the APF control system is the compensation current command generation unit, which adopts the frequency division control scheme described above, and its block diagram is shown in Figure 10. The system-side equivalent impedance used in the simulation and experimental system is consistent with the theoretical analysis in the previous section, Ls = 90 μH, DC-side capacitance C = 7 mF, and resistance R = 15 Ω. The harmonic current ILh obtained by processing the load current IL and filtering out the fundamental component is the main part of the compensation current command. However, due to the performance limitation of the filter, the extracted harmonic current cannot fully reflect the actual harmonic condition of the load current, so the specified subharmonic frequency division control method in the harmonic synchronous rotating coordinate system is adopted [16,17,18,19,20]. As shown in Figure 10, load current IL minus the APF compensation current IC equals the system current, the system current is transformed by n times of synchronous rotation coordinates to convert the n-th harmonic components into a direct current, which is extracted by a low-pass filter and then PI controlled. The traditional PI regulator can theoretically track the DC constant signal without static error and has good steady-state accuracy and dynamic response performance, so it can compensate the specified n-th harmonics efficiently.




4.2. Simulation Results and Analysis


In order to verify the theoretical, a simulation model was built with MATLAB/Simulink for qualitative and quantitative analysis.



Figure 11 shows the dynamic waveform of the parallel APF compensation voltage source type nonlinear load when the series inductance LL = 50 μH on the AC side of the load. The load current, system current, and APF compensation current were sequential from top to bottom. The parallel APF started to output compensation current at 0.15 s, the peak load current gradually increased from 82 A to 108 A, and the THD increased from 92.74 to 115.05%. Due to the small series inductance, the amplification effect of the load harmonic current after compensation was obvious and the compensation effect was not good, with the system current THD after compensation being 12.42%.



Figure 12 shows the waveform after the APF turned on the harmonic compensation to steady state when the series inductance LL = 100 μH. Since the load THD reached 84.96% before compensation was added to the series inductor, the system current reached a better sine after compensation, and the THD was 4.96% after FFT analysis.



Figure 13 shows the waveform after the APF turns on harmonic compensation to steady state when series inductance LL = 250 μH. Compared with the case of the 100 μH series connection, the sine of the system current waveform was further improved after compensation, and its THD was reduced to 3.61% after compensation.



Table 1 shows the FFT analysis results of the voltage and current waveforms before and after compensation for series inductance LL = 100 μh, where VLO is the load AC side voltage, and IS and IL are the system current and load current, respectively. This paper mainly analyzed the 5th, 7th, 11th, 13th, 17th, and 19th order characteristic harmonics with lower frequency. For the higher order harmonics, there will be larger errors due to control accuracy and delay, so they were not listed.



According to Table 1, the harmonic current amplification factor of each load can be calculated directly. Take 5 times as an example, the measured value of harmonic amplification factor is:


η=IL5′IL5=28.15×76.77%27.7×69.46%=1.123



(18)







The APF’s compensation rate for the 5th harmonic current is:


λ=IL5′−IS5′IL5′=21.6−28.32×3%21.6=0.961



(19)







The rate of change of the 5th harmonic component of the AC side voltage of the load is:


μ=VLo5′VLo5=219×1.6%219×2.62%=0.611



(20)







The theoretical value of the amplification factor of the load’s 5th harmonic current calculated according to Equation (16) is:


η*=IL5′IL5=0.611×(1+0.9611−0.961+10/9)=1.122



(21)







Similarly, calculate the 7th, 11th, 13th, 17th, and 19th harmonic current amplification to obtain the calculation results shown in Table 2.



It can be seen from Table 2 that the theoretical value of the harmonic current amplification calculated by Equation (7) is in good agreement with the simulated measured value, which shows the correctness of the theoretical derivation. At the same time, it can be seen from Table 2 that for different harmonics, the harmonic amplification values were not the same for approximately the same load harmonic compensation rate, which means that if the single harmonic is used as the capacity calculation reference, then the AC impedance required for series calculation is also different. Therefore, it is recommended that a single harmonic with the highest harmonic content is selected as the reference for estimation in practical engineering applications.




4.3. Experimental Results and Analysis


The parallel APF was a three-phase three-wire 66 kVA prototype developed by the laboratory, the DSP used in the control system was TMS320F2812, and the IGBT module of model SEMIX302GB12E4S was used as the main power device.



Figure 14a shows the experimental waveform when the series inductor is 100 μH, and Figure 14b shows the experimental waveform when the series inductor is 250 μH. From top to bottom, there are load current, system current and APF compensation current. As can be seen from Figure 14, the peak value of the load current and the peak value of APF output compensation current are smaller when the 250 μH inductor is connected in series than when the 100 μH inductor is connected in series, indicating that the larger the series inductor is, the better the suppression of load harmonics is.



The harmonic components of each voltage and current were measured by a Fluke Power Quality Analyzer, and the results shown in Table 3 were obtained.



It can be seen from the table that regardless of whether the series inductance was 100 μH or 250 μH, the 5th and 7th harmonic components of the system current IS after APF compensation were reduced to 1.1% and 1.3%, respectively, and good harmonic suppression effect was achieved. Since only the 5th and 7th harmonic currents were controlled by the composite control, the total harmonic distortion rate (THD) of the compensated system current was only reduced to 8.5% and 7.1%, respectively, and the effect was not ideal.



Table 4 also reflects the suppression effect of series inductance on the harmonic content and harmonic amplification effect. The load current THD before compensation was 78% when connected in series with a 100 μH inductor and 64.6% when connected in series with a 250 μH inductor. After compensation, the load current THD was 93.1% when 100 μH inductors were connected in series and 76.2% when 250 μH inductors were connected in series. The same effect was obtained for each harmonic component.



Generally speaking, the larger inductor in series was better than the smaller inductor in suppressing the load harmonic current, which can effectively reduce the output current of APF, but the larger inductor has disadvantages in terms of cost and volume, and the fundamental voltage drop and loss are also issues that need to be considered. Therefore, the selection of series inductance needs to be comprehensively considered according to the actual requirements such as performance and cost.



Table 4 shows the calculation results based on the experimental data, and gives the load harmonic current amplification factor when the series inductance is 100 μH and 250 μH, respectively. By comparing the measured value with the theoretical calculation value, it can be seen that the error between the two was quite small, indicating that the theoretical derivation was consistent with the actual situation.





5. Conclusions


In order to make full use of the advantages of parallel APF and expand its application field, this paper studied the theory and application of parallel APF compensation for voltage source nonlinear loads based on the frequency division control strategy proposed above. The theoretical analysis showed that parallel APF will affect the load current when compensating for the voltage source type nonlinear load, resulting in the load harmonic current amplification effect. The harmonic current amplification factor of the load is mainly related to the system side impedance, the equivalent impedance of the load AC side, and the relative magnitude of the input impedance of the load itself. At the same time, the harmonic compensation rate of APF will also affect the harmonic current amplification factor. Based on the above analysis, a method of series inductance on the AC side of the load and changing the magnitude of the harmonic compensation rate was proposed to suppress the harmonic amplification effect. Through the above method, the parallel APF can effectively compensate the harmonic current of the voltage source type nonlinear load.
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Figure 1. Parallel APF compensation voltage type nonlinear load main circuit. 
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Figure 2. Equivalent harmonic voltage source. 






Figure 2. Equivalent harmonic voltage source.
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Figure 3. Impedance diagram of a three-phase full-bridge rectifier circuit. 
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Figure 4. Spectrum diagram of input impedance. 
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Figure 5. Single-phase equivalent circuit of parallel compensation voltage source type nonlinear load. (a) Single-phase fundamental equivalent circuit. (b) Single-phase harmonic equivalent circuit. 






Figure 5. Single-phase equivalent circuit of parallel compensation voltage source type nonlinear load. (a) Single-phase fundamental equivalent circuit. (b) Single-phase harmonic equivalent circuit.



[image: Energies 12 03070 g005]







[image: Energies 12 03070 g006 550]





Figure 6. Single-phase equivalent circuit of parallel APF compensation voltage source type nonlinear load under a distorted system voltage. 
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Figure 7. Three-dimensional relationship diagram of the harmonic magnification, harmonic compensation rate, and impedance ratio. 
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Figure 8. The magnitude of the required series impedance value. 
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Figure 9. Control block diagram of parallel APF. 
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Figure 10. Compensation current command generation unit. 
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Figure 11. Dynamic waveform during APF compensation. 
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Figure 12. Steady-state waveform of the 100 μH inductor. 






Figure 12. Steady-state waveform of the 100 μH inductor.



[image: Energies 12 03070 g012]







[image: Energies 12 03070 g013 550]





Figure 13. Steady state waveform of the 250 μH inductor. 
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Figure 14. Experimental waveforms. (a) Series inductance 100 μH. (b) Series inductance 250 μH. 






Figure 14. Experimental waveforms. (a) Series inductance 100 μH. (b) Series inductance 250 μH.



[image: Energies 12 03070 g014]







[image: Table]





Table 1. Simulation results of series 100 μH inductors.
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Parameters

	
Before Compensation

	
After Compensation




	
VLo

	
IS, IL

	
VLo’

	
IS’

	
IL’






	
THD

	
4.24%

	
85.46%

	
3.32%

	
4.96%

	
100.31%




	
Fun.

	
219 V

	
27.7 A

	
219.1 V

	
28.32 A

	
28.15 A




	
5th

	
2.62%

	
69.46%

	
1.6%

	
3.00%

	
76.77%




	
7th

	
2.47%

	
46.71%

	
1.7%

	
2.52%

	
58.09%




	
11th

	
1.00%

	
12.00%

	
1.02%

	
0.86%

	
22.45%




	
13th

	
0.80%

	
8.20%

	
0.62%

	
0.31%

	
11.65%




	
17th

	
0.79%

	
6.13%

	
0.56%

	
0.25%

	
7.90%




	
19th

	
0.57%

	
3.97%

	
0.54%

	
0.46%

	
6.68%
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Table 2. Simulation results.
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Parameters

	
Harmonic Compensation Rate λ

	
Voltage Change Rate μ

	
Harmonic Amplification Factor η




	
Measured Value

	
Theoretical Value

	
Error






	
5th

	
0.961

	
0.611

	
1.123

	
1.122

	
0.09%




	
7th

	
0.956

	
0.689

	
1.264

	
1.259

	
0.40%




	
11th

	
0.961

	
1.020

	
1.901

	
1.872

	
1.53%




	
13th

	
0.973

	
0.775

	
1.444

	
1.438

	
0.42%




	
17th

	
0.968

	
0.709

	
1.310

	
1.309

	
0.08%




	
19th

	
0.931

	
0.948

	
1.710

	
1.696

	
0.82%
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Table 3. Experimental Results.
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(a) Series Inductance 100 μH.




	
Parameters

	
Before Compensation

	
After Compensation




	
VL

	
IS, IL

	
VL

	
IS

	
IL




	
Fun.

	
224.2 V

	
27.5 A

	
225.1 V

	
28.4 A

	
27.4 A




	
THD

	
3.9%

	
78%

	
3.0%

	
8.5%

	
93.1%




	
5th

	
2.7%

	
64.9%

	
1.6%

	
1.1%

	
72.6%




	
7th

	
2.2%

	
40.2%

	
1.5%

	
1.3%

	
52.0%




	
(b) Series Inductance 250 μH.




	
Parameters

	
Before Compensation

	
After Compensation




	
VL

	
IS, IL

	
VL

	
IS

	
IL




	
Fun.

	
224 V

	
26.6 A

	
223.7 V

	
27.8 A

	
26.3 A




	
THD

	
5%

	
64.6%

	
4.6%

	
7.1%

	
76.2%




	
5th

	
3.6%

	
55.2%

	
3.0%

	
1.1%

	
63.5%




	
7th

	
2.7%

	
29.3%

	
2.5%

	
1.3%

	
38.0%
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Table 4. Experimental calculation results.






Table 4. Experimental calculation results.





	
Series Inductance

	
Harmonic Number

	
Harmonic Amplification Factor η




	
Measured Value

	
Theoretical Value

	
Error






	
100 μH

	
5th

	
1.115

	
1.114

	
0.089%




	
7th

	
1.289

	
1.272

	
1.32%




	
250 μH

	
5th

	
1.137

	
1.124

	
1.14%




	
7th

	
1.282

	
1.242

	
3.12%
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