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Abstract:



The maximum boost control method for a single-phase switched-boost inverter (SBI) and single-phase Z-source inverter (ZSI) is proposed in this paper. In the proposed method, the low frequency voltage is added to the constant voltage for generating the variable shoot-through time intervals. For improving the AC output quality of the inverter, an active power switch is used to replace one of the diodes in the single-phase SBI. The operating principles and circuit analysis using the proposed maximum boost control method for single-phase inverters are presented. Laboratory prototypes are built to verify the operation of the proposed pulse-width modulation (PWM) control method for both single-phase quasi-ZSI and single-phase quasi-SBI.
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1. Introduction


Many control schemes including carrier-based pulse-width modulation (CB-PWM) and space vector pulse-width modulation (SV-PWM) have been proposed for controlling the shoot-through time interval in three phase Z-source inverters (ZSIs) [1,2,3,4,5,6,7]. Four basic CB-PWM control techniques, namely simple boost control [1], maximum boost control [2], maximum constant boost control [3], and modified SV-PWM methods [6,7] for three-phase ZSIs were compared in [8]. For single-phase ZSIs, most PWM controls use the simple boost control method [9,10,11,12,13,14,15,16]. In the simple boost control method, a constant voltage is compared to a high frequency triangle waveform to generate a fixed shoot-through control signal. As a result, the modulation index in the simple boost control method is limited to (1-D), where D is the shoot-through duty cycle. On the other hand, the modulation index in this modulation technique is decreased whereas the shoot-through range is increased. In order to reduce the power loss, a hybrid PWM single-phase quasi-Z-source grid-tie photovoltaic power system is proposed in [17]. In the hybrid PWM strategy, a combination between PWM and pulse-amplitude modulation (PAM) is addressed for the single-phase quasi-Z source inverter (qZSI). When the AC output voltage is lower than the DC source voltage, the PWM strategy is used. When the AC output voltage is higher than the DC source voltage, the PAM strategy is applied.



Recently, some PWM strategies to reduce the ripples in the capacitor voltage and inductor current of ZSIs have been addressed in [11,12,13,18,19]. In [13], a low frequency (2ω) ripple is added to the constant shoot-through control waveform to suppress the double-frequency ripple in the capacitor in the single-phase ZSI topology. In order to minimize the inductor current ripple in the three-phase ZSI topology, a PWM scheme in which the shoot-through time intervals of the three phase legs are calculated and rearranged according to the active state and zero state time intervals has been proposed in [19]. Instead of using PWM control strategies to reduce the low-frequency ripple, an active filter integrated single-phase qZSI topology has been proposed in [14] to transfer the low-frequency ripple directly from the AC load to the active filter AC capacitor.



Figure 1 shows the single-phase qZSI [11,12,13]. Compared to ZSI, qZSI improves the input current and reduces the capacitor voltage rating. Like ZSI/qZSIs, switched-boost inverters (SBIs) [20,21,22,23,24,25,26] also use the shoot-through time interval to achieve single-stage power conversion with buck-boost characteristics and improve reliability. In comparison with ZSIs, SBIs use one more active switch and fewer passive components [20]. Thus the size, weight, and cost of power inverters can be decreased. An SBI for standalone DC nanogrid applications is presented in [21]. In the basic SBI topology [22], the input current is discontinuous and its boost factor is lower than that of ZSIs. Quasi-switched boost inverters (qSBIs) [23,24] overcome the shortcomings of conventional SBIs by improving the profile of the input current and reducing the voltage stress of the capacitor. In [25], the concept of a switched inductor is applied to the SBI topologies to improve the boost factor. Compared to conventional SBIs, switched-inductor boost inverters [25] add only three diodes and one inductor to produce a high step-up DC-link voltage. The active switched-capacitor/switched-inductor qZSIs presented in [26] are also based on switched-inductor boost inverter topologies [25].


Figure 1. Single-phase quasi-Z-source inverter.
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Because a shoot-through interval is also applied to SBIs to boost the DC-link voltage, the PWM control strategy used for SBIs is the same as that used for ZSIs. In the single-phase SBI [20,21,22,23,24,25], a simple boost PWM control method is usually used. When a high modulation index is used to improve the output voltage quality, the shoot-through duty cycle must be reduced and an undesirable mode appears in the non-shoot-through state of the single-phase SBI. As a result, the DC-link voltage of the single-phase SBI is unstable during the non-shoot-through state.



In this paper, one of the diodes in the single-phase SBI is replaced by an active power switch to improve the AC output quality when a small shoot-through duty cycle is used. Moreover, the maximum boost control method for single-phase SBIs and ZSIs is proposed to increase the boost factor. The operating principles and analysis of single-phase SBIs are presented. Laboratory prototypes are built to verify the operation of the proposed PWM method for both single-phase qZSIs and single-phase qSBIs.




2. Single-Phase qSBI under Small Shoot-Through Duty Cycle Operating Conditions


Figure 2 shows two variants of the single-phase qSBI topology: types 1 and 2. The circuit consists of one inductor (L), one capacitor (C), six diodes, five active switches, and a passive load (R and Ll). The two topologies utilize the same components as those utilized by the basic SBI topologies presented in [23]. Under lossless conditions, the fundamental voltage and current of AC output for a single-phase qSBI are [image: there is no content] and [image: there is no content], respectively, where ω is the angular frequency, Φ is the impedance angle, and Vm and Im are the peak values of the AC output voltage and current, respectively. Figure 3 shows the operating states of the type 2 qSBI using small shoot-through duty cycle. In the shoot-through state, as shown in Figure 3a, the inverter side is shorted by both the upper and lower switching devices of any phase leg. The time interval in this state is D·T, where D is the shoot-through duty cycle and T is the switching period. During the shoot-through state, the switch S5 is turned on, while the diodes Da and Db are turned off. The capacitor C is discharged while the inductor L stores energy. The DC-link voltage is zero. Therefore, the inverter does not generate the power to load in this state.


Figure 2. Single-phase qSBIs (a) type 1 and (b) type 2.
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Figure 3. Operating states of qSBI type 2 under small shoot-through duty cycle; (a) shoot-through; (b) non-shoot-through when iL > iPN and (c) non-shoot-through when iL = iPN.
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In the non-shoot-through state, as shown in Figure 3b, the inverter has two active states and two zero states of the inverter main circuit in single-phase topology. The time interval in this state is (1 − D)·T. During the non-shoot-through state, Da and Db are turned on, while S5 is turned off. The capacitor C is charged from Vdc, while the inductor L transfers energy from the DC voltage source to the main circuit. The DC-link voltage is the capacitor voltage.



When a small shoot-through duty cycle is used to increase the modulation index, the inverter has an extra state, as shown in Figure 3c. In this state, the inductor current is equal to the DC-link current, iDC. As a result, the capacitor current becomes zero, and Da is turned off. The DC-link voltage in this case is:


[image: there is no content]



(1)







The inverter produces the main power to load in the non-shoot-through state. Thus, the output power is:


[image: there is no content]



(2)







The DC-link current is calculated by:


[image: there is no content]



(3)




where M is the modulation index of the H-bridge inverter.



Substituting Equation (3) into Equation (1), the DC-link voltage in the extra non-shoot-through state is calculated by:


[image: there is no content]



(4)







Therefore the DC-link voltage in the non-shoot-through state equals either Vc or [image: there is no content]. As a result, the inverter produces an unstable DC-link voltage, and the total harmonic distortion (THD) of the output current is increased.



Figure 4 shows the experimental waveforms of the type 2 single-phase qSBI when Vdc = 120 V, D = 0.2, and M = 0.8. The experimental parameters are L = 6 mH, C = 2000 μF, Lf = 5 mH, and R = 20 Ω. As shown in Figure 4b, the DC-link voltage is unstable during the non-shoot-through state when the shoot-through duty cycle is small. The measured THD of the output current is 5.5%.


Figure 4. Experimental waveforms for qSBI when Vdc = 120 V, D = 0.2, and M = 0.8. From top to bottom: (a) load current, inductor current, capacitor voltage, DC-link voltage; (b) capacitor current, capacitor voltage, inductor current, DC-link voltage; and (c) load current harmonics.
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In order to eliminate the undesired operation state as shown in Figure 3c, one simple method is addressed in which Da is replaced by an active switch, S6. The improved configuration of qSBI is shown in Figure 5. S5 and S6 have a common drain in Figure 5a, whereas they have a common source in Figure 5b. The gate signal of S6 is complementary to that of S5. By using this topology, the inverter produces a stable voltage in the DC link during the non-shoot-through state to improve the AC output quality without the aforementioned limitation.


Figure 5. Improved single-phase qSBIs; (a) type 1 and (b) type 2.
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3. Proposed Maximum Boost Control Method for Single-Phase Switched Boost and Z-Source Inverters


In single-phase qZSIs [8,9,10,11,12,13,14,15,16] and single-phase qSBIs [20,21,22,23,24], a simple boost PWM control method is usually used. In this method, a constant voltage is compared to a triangle waveform to generate a control signal for the shoot-through state. As a result, the maximum duty ratio of the shoot-through state is limited by (1–M) to ensure that the shoot-through interval is only inserted into the traditional zero states. When a large shoot-through duty cycle is used, the modulation index must be reduced. Using a low modulation index reduces the overall DC-to-AC inversion gain and increases the THD value [4].



Figure 6 shows the proposed maximum boost PWM control method for single-phase qSBIs to improve the modulation index. Two sinusoidal control waveforms, vcontrol and −vcontrol, with amplitude value M are compared to a high frequency triangle waveform, vtri, to generate control signals for the switches S1–S4. A double line frequency sine waveform voltage d is compared to another triangle waveform (indicated by the dashed line) with double the frequency and half the amplitude of vtri to generate a control signal for S5. The S5 control signal is then applied as the input control signals to the switches S1 to S4 through OR logic gates to generate the shoot-through states in the inverter bridge.


Figure 6. Maximum boost control method for modulation index improvement.
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In the maximum boost PWM control method, the peak value of d is the same as that of the control waveforms. If the modulation index is denoted by M, the function for d is given as:


[image: there is no content]



(5)




where A is half the peak-to-peak value of d as shown in Figure 6.



The average shoot-through duty cycle is calculated by:


[image: there is no content]



(6)







For the same modulation index, the shoot-through duty cycle in the maximum PWM control method produces a greater increment in A compared to that produced by the simple PWM control method. On the other hand, for the same shoot-through duty cycle, the modulation index in the proposed method increases to:


[image: there is no content]



(7)








4. Circuit Analysis


For the AC component circuit analysis of the improved SBI and qZSI, the following assumptions hold true:

	
the inverter power losses are ignored



	
the DC voltage source is constant



	
the inverter is operating in a continuous conduction mode, and



	
all the variables are expressed by a DC component and a small signal perturbation as follows:


[image: there is no content]



(8)












4.1. Circuit Analysis for Single-Phase Improved SBI


In order to improve the modulation index, a small shoot-through duty cycle is used. Thus, the improved single-phase qSBI as shown in Figure 5 is used to eliminate the undesired operation state of Figure 3c. Because the improved qSBI topology for the type 2 variant as shown in Figure 5b has common-source connected S5 and S6, it is used for analysis and experiment in this paper. The operating states of the improved qSBI are simplified into non-shoot-through and shoot-through states as shown in Figure 3a,b, respectively.



The DC components of the qSBI operated in the steady-state mode in the ideal case are given as [20]:


[image: there is no content]



(9)







When the maximum boost control method is applied to the improved single-phase SBI, the DC voltage boost of the inverter is increased to:


[image: there is no content]



(10)







From Figure 3a,b, the dynamic equations at the shoot-through and non-shoot-through states are, respectively:


[image: there is no content]



(11)







The state space averaged model of the improved qSBI is:


[image: there is no content]



(12)




where [image: there is no content] is the state-variable vector in the improved SBI.



Using the small signal analysis method for Equation (12), we obtain the dynamic small-signal model as:


[image: there is no content]



(13)







When the maximum boost control method is applied, the small signal perturbation of the shoot-through duty cycle as presented in Equation (5) is [image: there is no content]. Solving Equation (13), the low-frequency 2ω inductor current and capacitor voltage can be obtained as:


[image: there is no content]



(14)







The amplitudes of 2ω voltage and current ripples are:


[image: there is no content]



(15)








4.2. Circuit Analysis of Single-Phase aZSI


As presented in [15], the DC components of the qZSI in the ideal case are:


[image: there is no content]



(16)







When the maximum boost control method is applied, the DC voltage boost of a qZSI is the same as that presented in Equation (10). The state space averaged model of a qZSI is presented in [15] as:


[image: there is no content]



(17)




where [image: there is no content] is the state-variable vector in the qZSI.



Using the small-signal analysis method for Equation (17), we obtain the dynamic small-signal model as:


[image: there is no content]



(18)







Solving Equation (18) with [image: there is no content], L1 = L2 = L, and C1= C2 = C, the low-frequency 2ω inductor current and capacitor voltage of the single-phase qZSI can be obtained as:


[image: there is no content]



(19)







Comparing Equation (19) with Equation (14), we can see that the inductor currents and capacitor voltages of the qZSI and qSBI are the same. Thus, the amplitudes of 2ω voltage and current ripples of qZSI are the same as that of the qSBI in Equation (15).





5. Experimental Results


Two 700 W prototypes were used to verify the operating principle of the single-phase improved qSBI in Figure 5b and qZSI in Figure 1. The experimental parameters are listed in Table 1. A 61604 Chroma Programmable AC Source was used to supply the DC input voltage of 120 V. Power MOSFETs IRFP460 (Fairchild, Sunnyvale, CA, USA) and power diode DSEP30-06A (Ixys, Milpitas, CA, USA) were used. The PWM control signals for power switches were generated from a TMS320F28335 DSP (Texas Instruments, Dallas, TX, USA). Logic OR gates were used to insert the shoot-through state into switches S1 to S4. The switches were driven by isolated amplifiers (TLP250, Toshiba, Tokyo, Japan). Figure 7 shows an experimental prototype in the laboratory.


Figure 7. Experimental prototype in the laboratory.
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Table 1. Operating parameters for improved SBI and QZSI in the experiment.







	
Parameters

	
Values






	
Power rating, Po (W)

	
700




	
Input dc voltage, Vdc (V)

	
120




	
qSB network

	
L (Mh)

	
6




	
C (mF)

	
2




	
qZS network

	
L1 = L2 (mH)

	
3




	
C1 = C2 (mF)

	
4




	
Switching frequency, fsw (kHz)

	
10




	
Output frequency, fo (Hz)

	
50




	
Load

	
Ll (mH)

	
5




	
R (Ω)

	
20










First, we tested the operating states of the single-phase improved SBI when Da is replaced by S6 and the small signal perturbation of the shoot-through duty cycle is ignored. When ignoring the small signal perturbation of the shoot-through duty cycle, the proposed maximum boost PWM control method was concluded with the simple boost control method. Figure 8 shows the experimental results for a qSBI when M = 0.8 and A = 0. When A = 0, the calculated shoot-through duty cycle was 0.2. Compared to Figure 4 we can see in Figure 8 that the DC-link voltage is constant during the non-shoot-through state, the 2ω inductor current ripple is significantly reduced, and the THD of the load current is decreased to 1.0% from 5.2% in Figure 4c. The DC-link voltage was boosted to 192 V from the 120 V input voltage. This value was close to the calculated value of 200 V when D = 0.2. The measured RMS output current was 4.8 A.


Figure 8. From top to bottom: (a) load current, inductor current, capacitor voltage, DC-link voltage; (b) capacitor current, capacitor voltage, inductor current, DC-link voltage; and (c) load current harmonics.
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Next, small signal perturbation with a frequency of 100 Hz was injected into the shoot-through duty cycle. Figure 9 shows the experimental results for the improved SBI when M = 0.8 and A = 0.01. The shoot-through duty cycle calculated using Equation (6) was 0.21. The measured DC-link voltage is 200 V, which was close to the calculated value of 207 V when D = 0.21. The measured RMS output current and its THD were 5 A and 1.1%, respectively.


Figure 9. Experimental waveforms for qSBI when Vdc = 120 V, M = 0.8 and A = 0.01. From top to bottom: (a) load current, inductor current, capacitor voltage, DC-link voltage; (b) capacitor current, capacitor voltage, inductor current, DC-link voltage; and (c) load current harmonics.
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Then, the inverter was reconfigured as per the single-phase qZSI to test the proposed PWM strategy. Figure 10 shows the experimental results for the qZSI when M = 0.75 and A = 0.01. The calculated shoot-through duty cycle was 0.26. The measured DC-link voltage was 240 V, which was close to the calculated value of 250 V when D = 0.26. The measured RMS output current and its THD were 5.32 A and 1.5%, respectively.


Figure 10. Experimental waveforms for a qZSI when Vdc = 120 V, M = 0.75, and A = 0.01. From top to bottom: (a) load current, inductor current, capacitor voltage, DC-link voltage; (b) capacitor current, capacitor voltage, inductor current, DC-link voltage; and (c) load current harmonics.
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Finally, we evaluated the 2ω voltage and current ripples and compared them to theoretical values. Table 2 shows the theoretical and experimental results of the amplitudes of 2ω voltage and current ripples with some errors. When the maximum boost control method was used, the 2ω inductor current ripple increased while the 2ω capacitor voltage ripple was incremented by a small amount.



Table 2. Theoretical and experimental results of amplitudes of 2ω voltage and current ripples.







	
Single-Phase Improved SBI

	
A = 0

	
A = 0.01




	
Cal.

	
Exp.

	
Cal.

	
Exp.




	
iL (peak)

	
0.38 A

	
0.39 A

	
0.79 A

	
0.74 A




	
vC (peak)

	
2.5 V

	
2.6 V

	
2.6 V

	
2.8 V




	
Single-Phase qZSI

	
A = 0

	
A = 0.01




	
Cal.

	
Exp.

	
Cal.

	
Exp.




	
iL (peak)

	
0.39 A

	
0.41 A

	
0.78 A

	
0.7 A




	
vC (peak)

	
2.8 V

	
3.0 V

	
2.9 V

	
3.2 V











6. Conclusions


The maximum boost control method for single-phase SBIs and single-phase ZSIs was proposed in this paper. In the proposed method, a low frequency voltage was added to the constant voltage to generate the variable shoot-through time intervals. An active power switch was used to replace one of the diodes of the single-phase SBI to improve the AC output quality of the inverter. The operating principles and circuit analysis performed using the proposed maximum boost control method for single-phase inverters were presented. Laboratory prototypes were built to verify the operation of the proposed PWM control method for both single-phase qZSIs and single-phase qSBIs.
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