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Abstract

:

This paper presents a carrier modulation technique to control the three-phase, two-level quasi switched boost inverter. This PWM algorithm uses three carrier waves, the first of which is for the inverter while the others are for the booster. The boost factor depends on the short circuit interval on the DC/DC booster and the inverter. When the short circuit interval on the DC boost is twice that on the inverter, the modulation index can be enlarged. The new algorithm is analyzed, calculated, simulated, and tested. The analysis and calculation results show that the proposed technique can reduce the voltage on the DC link capacitor compared to a conventional approach. It can reach 22.16% when the ratio of the DC source voltage to the effective reference voltage is 0.5. The modulation index can extend to 29% under these conditions and the current ripple in the boost inductor can be reduced by 4.8%. The simulation and experimental results also show similarities, thereby confirming the analysis and calculation.
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1. Introduction


Single-stage direct boost inverters are widely used in electrical systems such as wind power, solar cells (PV), UPS, and electric vehicles [1,2,3,4]. There are two types of single-stage direct boost inverters: the Z source inverter (ZSI) [5,6] (Figure 1) and the quasi switched boost inverter (QSBI) [7,8] (Figure 2).



Both inverter configurations overcome the problem of short circuit on the switches [9]. In addition, QSBIs have advantages over ZSIs due to their reduced size, weight, and low power losses [10]. Because the QSBI adds a controllable switch for DC/DC boost, the QSBI uses more IGBT than ZSI [11]. However, the addition of the S switch also gives more control solutions.



The papers [12,13,14,15] presented PWM control strategies to enhance the continuous input current for QSBIs. In [12], a PWM technique applying in single-phase QBSI was employed to obtain a higher modulation index. The PWM method in [13] controls the input inductor current ripple by turning on the additional switch at a different time of the shoot-through state so that a low inductor current ripple and a high modulation index are achieved for a QSBI. A maximum boost PWM control technique is used in [14] with an improved voltage gain of QSBI by modifying the shoot-through (ST) control signal. A PWM with a low modulation index and a large ST duty cycle operation in the buck mode was shown in [15]. As a result of using a low modulation index at a high boost factor for the buck mode operation, the QSBI has a lower efficiency and a higher current distortion. The disadvantage of QSBIs are the low modulation index (m), the high voltage on the DC link capacitor, and the high input current ripple [15]. Therefore, it is necessary to propose an improved PWM technique to increase the modulation index (m), reduce the voltage across the capacitor, and reduce the current ripple. The content of this paper will consist of four main parts: an analysis of QSBI in Section 2; the QSBI control technique will be analyzed to propose a control algorithm to reduce current ripple and reduce the voltage of the DC link in Section 3; Section 4 presents the simulation and experimental results; and Part 5 will generalize the conclusions and discussions.



The improved PWM technique is based on using more than two carriers for reducing the current ripple through the booster inductor and the stress voltage on the DC link.




2. Three-Phase, Two-Level QSBI


The three-phase, two-level quasi switched boost inverter (3P2LQSBI) consists of a booster circuit combined with a voltage source inverter (VSI) in Figure 2. The 3P2LQSBI components include VS source, an inductor (L), a capacitor (C), two diodes (D1, D2), six inverter IGBT switches (denoted SxP, SxN where x is a, b, c), and an IGBT switch S in the boost DC–DC circuit. The output load phase voltage is ua, ub, and uc.



Let      V  r e f    →  =    v a  ,  v b  ,  v c      be a desired voltage vector in the dq coordinate, with angle α, then      V  r e f    →    is represented through state vectors as shown in Figure 3 and calculated using Formula (1)


     V  r e f    →  =  T  0   .    V 0   →  +  T 1  .    V 1   →  +  T  2   .    V 2   →  +  T 7  .    V 7   →   



(1)







In Table 1, the vectors      V 0   →    and      V 7   →    that are located at the center of the space vector hexagon are zero vectors. In the vector state      V 0   →    or      V 7   →   , the outputs a, b, and c are connected through N or P [8,9]. Therefore, the VPN voltage does not affect the load at this time, so it is possible to short-circuit P–N to store the energy in the inductor L. There are three main operation modes in the 3P2LQSBI circuit: short-circuit for the booster (SB), non-short circuit (NST), and short-circuit on the inverter side (ST). Figure 4 shows the operation modes of 3P2LQSBI.



2.1. Short Circuit for Booster Mode


Figure 4a shows the short circuit on the booster mode (SB). In this mode, the switch S turns on, charging the inductor L. The voltage across the inductor is:


         V L  = L   d  i L    d t   =  V S        S = 1        



(2)







Diode D2 turns on, so the VSI operates with a voltage supply to the capacitor C. The state of the six switches on the inverter side is like in a normal VSI, so that:


         V C  =  V  P N         S x N = 1 − S x P       m .  V  P N   = 2  u ^         



(3)




where m is the modulation index of the inverter and   u ^   is the peak amplitude of the phase voltage fundamental.




2.2. None Short Circuit Mode (NST)


In this mode (Figure 4), the switch S is off and two diodes (D1, D2) are turned on. The energy from the source (VS) and inductor (L) charges capacitor C and supplies the power to the VSI.


         V C  =  V S  +  V L  =  V  P N         S = 0       S x N = 1 − S x P        



(4)




where phase voltage is as Equation (3).




2.3. Short Circuit in Inverter Mode (ST)


This mode corresponds to the moment when zero vectors      V 0   →    orc      V 7   →    are active. At this time, all six switches of the VSI are on so that P to N is short-circuited and the energy from the source is charged into the inductor.


         V L  = L   d  i L    d t   =  V S        S x N = S x P = 1       S = 0        



(5)







Combine Equations (3)–(6) to get:


         V C  =   T .  V S    T −  t S  −  t  S T           m .  V C  = 2  u ^         



(6)




where T is the carrier period, tS is the ON time of switch S, and tST is the short circuit time on the VSI.




2.4. The Two Carrier Technique for QSBI


A QSBI controlled by two carrier techniques is presented in [16,17]. This technique uses two triangle carriers, one for the inverter and the other for the booster. They are 90° phase shift triangle carriers. Because the tS and tST are the same as shown in Figure 5, the duty cycle on the DC–DC boost and the inverter are the same too, and if the offset function is the third harmonic component, they have the same values as in Formula (7):


  2  d S  =    t S   T  =    t  S T    T  = 2  d  S T   = 2    1 2  −      3   4  m    



(7)







So that stress across the DC link is given by:


   V  P N   =  V C  =    V S    1 − 4    1 2  −      3   4  m      



(8)







Then, the ripple of input current is calculated as:


  ∆  i L  =    V S   L     t  S T    2  =    V S   L     1 2  −    3   4  m   T  



(9)







Under this technique, the VSI’s switches have to switch more because, besides the inverter function, they also undertake the boost function. The duty cycle for the inverter boost is large. It equals half of the required short-circuit ratio, so the modulation index leads to a larger DC link voltage.





3. The Proposed Algorithms


Set the duty cycle of the signal control for the switch (S) turn on as ds and for shoot-through in the VSI as dST. The proposed technique reduces the inverter (dST) duty cycle and increases the modulation index, lowering the voltage of the DC-link capacitor (VC). In one cycle, there are two S turn-ons and four short-circuits in the VSI. Per carrier period, there are two S turn-ons and four short-circuits in the VSI. This is the same as when using three triangle carriers, two for the VSI and one for the booster, where each waver is phase shifted by α angle where α = π/3. The inverter carrier is CrI, while the booster carriers are CrB1 and CrB2.



Figure 6 shows that when minimizing the ripple of the input current, the charging time with the S switch closed (tS/4) and charging time with the inverter switches closed (tST/2) should be the same, so that:


   t s  = 2  t  s t    



(10)







So when the inverter control voltages are    v  a v   ,    v  b v   , and    v  c v    :


         v  a v   =  v a  +  v  o f f s e t          v  b v   =  v b  +  v  o f f s e t          v  c v   =  v c  +  v  o f f s e t          



(11)







Additionally, the offset function is the third harmonic component as in (12) [16]:


   v  o f f s e t   = 0.5 −   max    v a  ,    v b  ,    v c    + min    v a  ,    v b  ,    v c     2   



(12)




where x = a, b, c and:


         v  a   =  m 2  s i n   ω t   +  1 2         v  b   =  m 2  s i n   ω t −   2 π  3    +  1 2         v c  =  m 2  s i n   ω t −   4 π  3    +  1 2         



(13)







The principle of the improved technique is shown in Figure 6.



Figure 6 shows that in every carrier cycle there are four instances of charging the inductance through switch S and two instances of charging through the VSI switches. Therefore:


       t S  = 4    t 2  −  t 1    = 4  d  S T   T        t  S T   = 2    t 4  −  t 3    = 2  d  S T   T      



(14)







Additionally, (6) becomes:


         V C  =    V S    1 − 4  d S  − 2  d  S T     =    V S    1 − 6  d  S T           m  V C  = 2  u ^         



(15)







With    u ^  =  2   u  r m s     being the amplitude-phase voltage. So the DC link voltage is:


   V  P N   =  V C  =    V S    1 − 6.  d  S T      



(16)







Applying the offset function in (12) and looking at Figure 6 gives:


       v  a v       m i n   =      v  b v       m i n   =      v  c v       m i n   =  1 2  −    3   4  m =  d  S T    



(17)







We then combine (15)–(17) with (18) to get:


     V S    1.5 m  3  − 2   =   2  u ^   m   



(18)







Therefore, the modulation index will change according to the supply voltage VS and reference RMS voltage (urms) as in (19):


  m =   4  2      3  6  −    V S     u  r m s          



(19)







Set k as the ratio of DC sources (VS) and reference RMS output voltage,   k =    V S     u  r m s      . Compared with conventional techniques [16], the modulation index of the proposed algorithm increases the Δm value, calculated as:


  ∆ m =    m    3 − c a r r i e r   −    m    2 − c a r r i e r   =   4  2      3  6  − k     −   2  2      2  6  − k      



(20)







The percentage of the modulation index increases Δm% as in (21):


  ∆ m % =      m    3 − c a r r i e r   −    m    2 − c a r r i e r        m    2 − c a r r i e r     100 % =   ∆ m   2  6  − k     2  2    100 %  



(21)







Figure 7 shows the ability to increase the modulation index (m) with the ratio (k). Figure 7 shows that the effect of increasing the modulation index decreases as the k ratio increases. The efficiency increase in the modulation index of the technique corresponds to the ratio   0.5 < k =    V S     u  r m s     < 2.2  . For example, with power supply VS = 55 V, referent output voltage urms = 110 V, meaning k = 0.5 if the proposed algorithms are used and the modulation index can be reduced by 29% compared with the method used in [16]. Compared to the two carrier technique, the voltage across the capacitor (C) will decrease with   ∆ V c  :


  ∆ V c =      V C      2 − c a r r i e r   −      V C      3 − c a r r i e r   = 2  u ^    ∆ m   m .   m + ∆ m      



(22)







The characteristic of reducing the stress voltage percentage, as seen in (23), is shown in Figure 8:


    ∆ V c   V c   % =        V C      2 − c a r r i e r   −      V C      3 − c a r r i e r          V C      2 − c a r r i e r     100 % =   ∆ m     m + ∆ m     100 %  



(23)







Figure 8 shows that the reducing effect (of the voltage on the DC link) decreases in the k range from 0.5 to 2.2. When applying the proposed algorithm at k = 0.5, the DC link voltage is less than 22% compared to conventional techniques. With (19) and f = 1/T, the ripple of the input current can be calculated using Formula (24):


  ∆  I L  =    V S   L     1 2  −    3   4  m   T =    V S    f L      1 2  −    3   4    4  2      3  6  − k        



(24)







From Figure 6, it is easy to see that the input current frequency with the proposed technique is 1.5 times higher than its frequency with the application of conventional technology. Therefore, for the same input current frequency, the carrier frequency of the two-carrier technique must be 1.5 times higher in the proposed method. In this case, the current ripple of the three-carrier technology is smaller than that of conventional technology by the value of   ∆  I L   . The value   ∆  I L  %   is calculated using Formula (25) and represented by the graph in Figure 9.


  ∆  I L  % =       ∆  I L      2 − c a r r i e r   −     ∆  I L      3 − c a r r i e r         ∆  I L      2 − c a r r i e r     100 % =     3  6      3  6  − k     −  1 2  −    6      2  6  − k       1 −    6      2  6  − k       100 %  



(25)







Figure 9 shows the reduction characteristic of the input current ripple at the same frequency when applying the conventional and proposed technique.



When the reference voltage is 110 Vrms, the DC source voltage (VS) is 55 V, 110 V, and 165 V, respectively. The calculation results of the voltage across the capacitor, the percentage reduction in the capacitor voltage, and the current ripple compared with the conventional technique are presented in Table 2.



It is easy to see that when the output voltage is greater than the DC supply voltage, the capacitor voltage reduction effect is higher and can reach 22.16%. On the contrary, the reducing effect of the current ripple is more effective when the ratio of the DC source voltage and the reference voltage is large.



The proposed algorithm uses the flowchart in Figure 10.




4. Simulation and Experimental Results


The algorithm is simulated in PSIM software with parameters as shown in Table 3. To verify the proposed technique, a simulation was performed with DC power voltages of 55 V, 110 V, and 165 V. The desired output voltage is 110 Vrms and 50 Hz with a carrier frequency of 5.1 kHz with two carriers and 3.4 kHz with the proposed technique.



Figure 11 shows the simulation results with VS = 55 V. From the top to the bottom of Figure 11, the first graph (Figure 11a) is the voltage of the capacitor, the second is the current in the boost inductor (Figure 11b), and the third is the inverter output voltage (Figure 11c). Red lines are with two carriers, and the blues are with the proposed algorithm. It is easy to see that the capacitor voltage reduces from 483 V down to 376 V. ΔVC is 107 V, a 22.15% reduction, and the input current ripple reduces from 0.569 A down to 0.550 A, a 3.5% reduction. Moreover, the average input current also decreased from 4.99 A to 3.87 A, equivalent to a 22.4% reduction. These values are presented in Table 2.



The same can be seen in Figure 12 and Figure 13, with Vs being 110 V and 165 V, respectively. When VS is 110 V, the voltage of the capacitor reduces to 348 V with ΔVC being 81 V (an 18.9% reduction) (Figure 12a) and the input current ripple reduces from 0.963 A down to 0.891 A (a 7.47% reduction) (Figure 12b).



With VS = 165 V, the ΔVC is 52 V (a 13% reduction) and the input current ripple reduces from 1.09 A down to 0.949 A (a 12.9% reduction) (Figure 13a,b).



The FFT of the phase voltage is shown in Figure 14, with the red graph being the two-carrier and the blue graph being the proposed algorithm. It is easy to see that at a frequency of 2fc, the amplitude of the harmonics with the two-carrier technique is higher than it is in the proposed algorithm. This is not a problem because the proposed method has a higher modulation index.



The experiment applied the same model as the simulation conditions for easy comparison. The devices used were a TMS320 F28335, a GWINSTEK GDS 1072A-U, and a GDS 1104B oscilloscope with an inductance (L) of 4.2 mH, variable 55 V, 110 V, and 165 V DC power supplies, and a filter with LS = 2.3 mH and CS = 11.2 µF (Figure 15).



Figure 16 shows the experimental results with a DC supply of 55 V with the proposed algorithm. The top to bottom graphs are phase voltage, load current, capacitor voltage, and the current in the boost inductor, respectively. The experimental results are the same as the simulation (Figure 11), once again confirming the validity of the proposed technique.



The experimental results with a DC supply of 165 V, including the phase voltage, load currents, capacitor voltage, and the boost inductor (Figure 17) show a similar trend.




5. Conclusions


This paper presents a carrier modulation technique with three carriers to control the three-phase, two-level quasi switched boost inverter.



The three-carrier QSBI control technique has been analyzed, calculated, simulated, and tested. The results show that the analysis and new technical recommendations are appropriate. In addition, the calculation, simulation, and experimental results show that the technique is especially effective when a large voltage boost ratio is required.



Specifically, at the ratio of the DC source (VS) and reference RMS output voltage (k) is equal to 0.5. Compared with the two-carrier technique, the proposed method reduces the voltage on the capacitor by 22.16%, but at k = 1.5 this figure is only 13.97%.



Compared with the two-carrier technique, the proposed technique helps to extend the modulation index so that it is possible to reduce the capacitor voltage. For example, it shows that when the reference voltage is double the DC supply voltage, the modulation index (m) can be expanded by 29%, thus reducing the voltage of the DC link by 22.16% if we apply the three-carrier PWM technique. It also shows the ability to reduce the current ripple in the boost inductor with the same switching frequency.



Experimentally, the reduced current ripple effect will increase if the boost coefficient reduces. For example, with a 165VDC supply and 110 V reference phase voltage, compared with the two-carrier technique, the current ripple with the proposed method can be reduced by 12.9%. However, it is only 3.65% at a DC supply voltage of 55 V.



Besides, this technique also has other advantages that needs to be studied, e.g., reducing the amplitude at the first harmonic of the carrier frequency.



The simulation and experiment results also show that the proposed technique can help increase the performance of QSBI (because the average input current also decreased from 4.99 A to 3.87 A, a reduction of 22.4%). Future research in this area is encouraged.
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Nomenclature









	VS
	DC power supply
	(V)



	VL
	Voltage on the inductor
	(V)



	IL
	Current in the inductor
	(A)



	ΔIL
	Ripple of the current in the inductor
	(A)



	VPN
	DC link voltage
	(V)



	   u ^   
	Amplitude of the phase voltage fundamental
	(V)



	urms
	RMS value of the phase voltage fundamental
	(V)



	m
	Modulation index
	



	tS
	Short circuit time on the DC–DC boost side
	(s)



	tST
	Short circuit time on the VSI side
	(s)



	dS
	Duty cycle when switch S is turned on
	



	dST
	Duty cycle when the VSI is shot through
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Figure 1. Schematic of ZSI. 






Figure 1. Schematic of ZSI.
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Figure 2. Schematic of QSBI. 
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Figure 3. Space Vector for three-phase, two-level inverter. 
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Figure 4. The operation modes of 3P2LQSBI: (a) short circuit for booster mode, (b) non-short circuit mode, and (c) short circuit in inverter mode (shoot-through mode). 
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Figure 5. The principle of the two carrier technique. 
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Figure 6. The principle of the improved technique. 
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Figure 7. The relationship between Δm% and k. 
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Figure 8. The relationship between ΔVC% and k. 
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Figure 9. The relationship between ΔIL% and k. 
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Figure 10. Proposed algorithm flowchart. 
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Figure 11. The simulation results with Vs = 55 V. 
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Figure 12. The simulation results with Vs = 110 V. 
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Figure 13. The simulation results with Vs = 165 V. 
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Figure 14. FFT of phase voltage with Vs = 165 V. 
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Figure 15. Experimental devices. 
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Figure 16. The experiment results with VS = 55 V. 
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Figure 17. The experimental results with VS = 165 V. 






Figure 17. The experimental results with VS = 165 V.
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Table 1. State of space vector.






Table 1. State of space vector.





	Vector
	Value
	Switch On
	Note





	      V 1   →    
	1.0.0
	    S  aP   ,  S  bN   ,  S   cN        
	Active vector



	      V 2   →    
	1.1.0
	    S  aP   ,  S  bP   ,  S   cN        
	Active vector



	      V 3   →    
	0.1.0
	    S  aN   ,  S  bP   ,  S   cN        
	Active vector



	      V 4   →    
	0.1.1
	    S  aN   ,  S  bP   ,  S   cP        
	Active vector



	      V 5   →    
	0.0.1
	    S  aN   ,  S  bN   ,  S   cP        
	Active vector



	      V 6   →    
	1.0.1
	    S  aP   ,  S  bN   ,  S   cP        
	Active vector



	      V 7   →    
	1.1.1
	    S  aP   ,  S  bP   ,  S   cP        
	Zero vector



	      V 0   →    
	0.0.0
	    S  aN   ,  S  bN   ,  S   cN        
	Zero vector
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Table 2. The calculation results of the voltage across the capacitor, the percentage reduction in the capacitor voltage, and the current ripple.






Table 2. The calculation results of the voltage across the capacitor, the percentage reduction in the capacitor voltage, and the current ripple.





	VS
	urms
	ΔVC
	ΔVC%
	ΔIL%





	55
	110
	107
	22.16
	3.65



	110
	110
	79
	18.59
	7.88



	165
	110
	52
	13.97
	12.82
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Table 3. Component parameters.






Table 3. Component parameters.











	No
	Devices
	Parameter
	Note





	1
	LS-CS
	2.3 mH–1.2  µ F
	Filter



	2
	Load
	363 Ω–1 mH
	Three Phase Load



	3
	L
	4.21 mH
	Boost



	4
	C
	50  µ F
	Boost



	5
	D1, D2
	RHR15120
	Diode



	6
	IGBT
	FGA25N120
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