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Abstract

:

In order to meet the demands of the bidirectional transmission of electric vehicle charger power, a series-resonant dual-active-bridge (DAB) converter is investigated in this paper. Firstly, the active and reactive power and zero voltage switching (ZVS) conditions of the full-bridge arm under extended phase-shift modulation, dual phase-shift modulation and triple phase-shift modulation are analyzed. Secondly, with the minimum reactive power as the optimization objective, the extended phase shift (EPS) is finally selected as the modulation method after comparing the minimum reactive power under various modulation methods when the normalized value of active power is varied in the range of 0–1. By constructing the objective function and determining the constraints, an off-line reactive power–minimization control strategy is proposed to achieve the ZVS of the full-bridge arm and, finally, the feasibility of the proposed control strategy is verified by simulation and experiment.
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1. Introduction


A dual-active-bridge (DAB) DC–DC converter [1] is widely used in electric vehicles, energy storage systems, microgrid and other fields because it can realize bidirectional power transmission. It has the advantages of high modularity, easy ZVS soft switching, electrical isolation of input and output and so on. In the wide gain range and wide load range, the traditional single phase shift (SPS) has only one inter bridge phase-shift angle, which reduces the soft-switching range of the switching tube of the DAB converter, and the problem of the return power of the DAB converter under this control is more serious [2]. Therefore, scholars generally expand the soft-switching range of the DAB converter through modulation strategies [3,4,5,6], such as extended phase shift (EPS), dual phase shift (DPS) and triple phase shift (TPS), so as to improve power transmission efficiency. In order to further improve the efficiency of DAB converters, various optimized phase-shift control strategies have been proposed one after another. The essence of these optimization algorithms is to make the DAB converter always work on the optimal control point, thus reducing losses and improving efficiency. For example, reference [7] proposed a PWM phase-shift control, which adds the duty cycle control of the output to the phase-shift control, where both the phase-shift angle and duty cycle are used to reduce the current stress. Among the various optimal control strategies, the current RMS-optimized control is the most common [8,9]. However, the derivation process of current RMS-optimized control is complex and requires a high precision current detection circuit. Therefore, in recent years, reactive power optimal control has attracted more and more attention. Reference [10] analyzed and optimized the return power of a DAB converter under EPS modulation, which can effectively improve the transmission efficiency. Reference [11] proposed an optimal control scheme based on TPS modulation. References [12,13] propose reactive power–optimized control, but these papers define the return power as reactive power. However, reactive power defined in this way exists only when the polarity of voltage and current are reversed. In reality, the presence of the inductor causes the converter to always absorb reactive power, regardless of the power transfer level, and reactive power values are always present and fluctuating. In reference [14], an optimal control strategy for a TPS-modulated DAB converter with reactive power expression as the objective function is proposed, which significantly improves the efficiency of the converter at light load and wide gain. Reference [15] searches for the minimum value of the rms value of the inductor current and finally derives the expressions between each phase-shift angle when the current rms value is minimum, but does not decouple the expressions from each other, so the relationship between the phase-shift angle and the transmitted power cannot be obtained quantitatively, and the control is not convenient.



In recent years, in order to improve the efficiency of DAB converters and improve the circuit power density, resonant the DAB converter has gradually become a research hotspot. Among them, the resonant dual-active-bridge converter composed of a DAB and an LC resonant tank only adds one resonant capacitance to the DAB topology. The DAB converter can be regarded as a limit case when the capacitance is infinite, so the series-resonant DAB converter has all the advantages of the DAB. Reference [16] points out that increasing the resonant capacitance can make the resonant current close to the sine wave and effectively filter out the DC current component of the transformer; moreover, it can reduce the eddy-current loss of transformer winding and help to reduce the off loss of the switch. However, the resonant DAB has the same problems as the traditional DAB. For example, the soft-switching range are reduced under light load, and when the voltages of the primary and secondary sides of the transformer do not match, the reactive power is large, which has a great impact on the efficiency of the converter.



This paper selects a series-resonant DAB converter as the research object and analyzes the relationship between the phase-shift modulation method and the minimum reactive power and soft switching of the full-bridge arm when the output power changes from no-load to full-load by comparing the active power and reactive power under three modulation methods of EPS, DPS and TPS so as to select an optimal modulation method for reactive power optimization, and give the specific optimization. The final combination of phase-shift angle for minimum reactive power is obtained to reduce the proportion of reactive power in the converter operation and thus improve the system efficiency.




2. Basic Characteristics of the Converter and Reactive Power Analysis


2.1. Introduction of Series-Resonant Dual-Active-Bridge Converter Topology


Figure 1 shows the circuit schematic diagram of the series-resonant DAB converter in which the input voltage Vin, the output voltage Vo, the resonant inductance Lr, the resonant capacitor Cr and the transformer on the original side turns a ratio of n = N1/N2. Enter the power and output power supply side in parallel one filter capacitor Cin and Co. Defining the voltage gain of the converter is M = nVo/Vin. The four bridge arms of the dual active bridge are represented by A, B, C and D, respectively.



In this paper, phase-shift modulation is adopted, the duty ratio of all switching tubes is 50% and the upper and lower tubes of the same bridge arm are complementary conductive. In phase-shift modulation, three control variables are involved: phase-shift angle φAD between bridges, phase-shift angles φAB within bridges and φDC. Define φAD as the phase-shift angle between S1 of bridge arm A and S7 of bridge arm D, and the range is −π < φAD < π; φAB is defined as the phase-shift angle between upper tube S1 of bridge arm A and upper tube S3 of bridge arm B, the range is 0 < φAB < 2π; φDC is defined as the phase-shift angle between upper tube S7 of bridge arm D and upper tube S5 of bridge arm C, and the range is 0 < φDC < 2π.



Because the harmonic content of resonant converter is low, this paper adopts fundamental wave analysis method to analyze and converts the secondary side of the transformer to the original side. The equivalent circuit is shown in Figure 2, where, u1 (t) is the fundamental component of uAB, u2 (t) is the fundamental component of n*uCD and iL is the fundamental component of resonant current. The resonant groove impedance is   X = ω  L r  −  1  ω  C r     .




2.2. Steady-State Mathematical Model under Three Modulation Strategies


The working waveform of the series-resonant DAB converter in EPS modulation is shown in Figure 3, where uA, uB, uC and uD are the drive signals of the four bridge arms, uAB and uCD are the midpoint voltages of the arms of two active bridges and iL is current flowing through the inductance.



The converter has 8 operating modes per cycle under EPS phase-shift control, of which the operating modes from t0 to t4 are completely symmetrical with t5 to t8, and only the first four are analyzed.



	(1)

	
t0–t1 phase







The t0 moment is the initial moment, before this state, S2 and D4 are on, while the resonant current is negative, at the t0 moment, S2 is disconnected and the driving signal reaches S1; but since the current cannot be changed suddenly, the resonant slot current is still negative, so D1 and D4 are on. The secondary side of the transformer D5 and D8 are on, the voltage direction applied to both ends of the resonant slot is opposite to the current flow, resulting in the absolute value of current gradually decreasing, and when it decreases to 0, the energy is fed back from the resonant tank to the current side, and D1, D4, D5 and D8 are on in this stage.



	(2)

	
t1–t2 stage







At the moment of t1, the trigger pulse reaches S7, the current is naturally transferred to S7, S6 conduction, the primary state of the transformer remains unchanged, and the circulation path of the secondary side becomes S7, S6 This state continues until the voltage of the secondary side is reduced to the transformer induction voltage and this stage ends. In this stage, D1, D4, S7 and S6 are in the conduction state.



	(3)

	
t2–t3 phase







At the moment of t2, the absolute value of resonant current decreases to 0. S1 and S4 realize zero voltage switching; the resonant current is about to increase positively, and the transformer secondary current flow path becomes D7 and D6. S1, S4, D7 and D6 are on in this stage.



	(4)

	
t3–t4 phase







At moment t4, S4 is disconnected. At this time the inductor current is positive, causing the current path to switch from S4 to D3, with S1 and D3 on for the high-voltage side, and D5 and D8 on for the low-voltage side. At the same time, the resonant tank current starts to decrease gradually from the peak due to the voltage applied to both ends of the resonant tank and the opposite direction of the resonant current flow. In this stage S1, D7, D3 and D6 are on.



According to the steady-state working waveform combined with fundamental wave analysis, the time-domain expressions of the two fundamental wave voltages in Figure 2 are shown in Equations (1) and (2):


   u  1 . EPS    (  ω t  )  =   4  V  in    π  sin  (     φ  AB    2   )  sin  (  ω t +   π −  φ  AB    2   )   



(1)






   u  2 . EPS    (  ω t  )  =   4 M  V  in    π  sin  (  ω t −  φ  AD    )   



(2)







In order to calculate the complex power using the phase volume method, the phase volumes of the fundamental voltages u1(ωt) and u2(ωt) are defined here as     U ˙  1    and     U ˙  2   , and the expressions for both are shown in Equations (3) and (4):


     U ⋅    1 . EPS   =    2   π   [   (  1 − cos  φ  AB    )  + j sin  φ  AB    ]   



(3)






    U ˙   2 . EPS   =   2  2  M  V  in    π   [  cos  (   φ  AD    )  − j sin  (   φ  AD    )   ]   



(4)







The phasor of the fundamental wave component iL of resonant current is defined as     I ˙  L   , and its expression is shown in Equation (5):


    I ˙  L  =     U ˙  1  −   U ˙  2    j X    



(5)







According to Figure 2, the complex power transmitted by the AB bridge from the input side can be expressed as Equation (6):


   S ˙  =   U ˙  1  ×   I ˙  L ∗   



(6)







By solving this, the active power and reactive power expressions of which can be obtained as Equations (7) and (8), respectively.


   P  EPS   =   4 M  V  in     2   [  sin  φ  AD   + sin  (   φ  AB   −  φ  AD    )   ]     π 2  X    



(7)






   Q   EPS , pu    =   4 M  V  in     2     π 2  X    [  cos  (   φ  AB   −  φ  AD    )  − cos  (   φ  AD    )   ]  +   4  V  in     2     π 2  X    [  1 − cos  (   φ  AB    )   ]   



(8)







Taking    P  base   =   8 M  V  in     2   /   π 2  X     as the power reference value, the expressions of the normalized value of active power PEPS,pu and reactive power QEPS,pu under EPS modulation are shown in Equations (9) and (10):


   P   EPS , pu    = 0.5 sin  φ  AD   + 0.5 sin  (   φ  AB   −  φ  AD    )   



(9)






   Q   EPS , pu    = 0.5 cos  (   φ  AB   −  φ  AD    )  − 0.5 cos  (   φ  AD    )  +  1  2 M    [  1 − cos  (   φ  AB    )   ]   



(10)







The working waveform of series-resonant DAB converter under DPS modulation is shown in Figure 4.



The converter operating modes are analyzed according to the steady-state operating waveform, which is divided into eight operating modes for each cycle under DPS modulation, of which the operating modes from t0 to t4 are completely symmetrical with t5 to t8.



	(1)

	
Phase 1: t0–t1







At the moment of t0, the converter transitions from mode 8 to mode 1, S1 and S4 are on, the inductor current is negative at this time, diodes D5 and D8 are on, and switching tube S1 achieves zero voltage turn-on. The transformer secondary side switching tubes S6 and S7 are in continuous conduction. Power flows from the inductor to the secondary side.



	(2)

	
Phase 2: t1–t2







Transformer primary side full-bridge switching tubes S1 and S4 continue to conduct, transformer secondary side switching tubes S6 and S7 conduct. t1 moment inductor current comes to over zero, and both sides of the transformer at the same time charge the inductor current.



	(3)

	
Stage 3: t2–t3







Transformer primary side full-bridge switching tube S2 is on, transformer secondary side switching tubes S6 and S7 are continuously on. The inductor current charges the primary side and the power flows from the inductor to the primary side.



	(4)

	
Stage 4: t3–t4







Transformer primary side full-bridge switching tube S2 is on, transformer secondary side switching tube S5 is on. The inductor current charges the secondary side.



Similarly, the time-domain expressions of the two fundamental voltages under DPS modulation can be derived as shown in Equations (11) and (12):


   u   1 , DPS    ( ω  t ) =    4  V  in    π  sin  (     φ  AB    2   )  sin  (  ω t +   π −  φ  AB    2   )   



(11)






   u   2 , DPS     (  ω t  )  =   4 M  V  in    π  sin  (     φ  AB    2   )  × sin  (  ω t −  φ  AD   +   π −  φ  AB    2   )   



(12)







The same power reference values as for EPS modulation are chosen. The derived expressions for the normalized value of active power PDPS,pu and reactive power QDPS,pu under DPS modulation are given in (13) and (14) below:


   P   DPS , pu    = 0.5 ×  (  1 − cos  φ  AB    )  × sin  φ  AD    



(13)






   Q   DPS , pu    =  1  2 M    (  1 − cos  φ  AB    )  − 0.5 ×  (  1 − cos  φ  AB    )  × cos  φ  AD    



(14)







The working waveform of the series-resonant DAB converter under TPS modulation is shown in Figure 5.



The model is mainly divided into 10 working states, of which the first 1–5 working states and 6–10 working states are symmetrical, so only the first 5 working states are analyzed.



	(1)

	
Phase 1: t0–t1







At the moment of t0, the converter transitions from mode 10 to mode 1, S2 turns off, the inductor current is negative at this time, diode D1 conducts, and switching tube S1 achieves zero voltage turn-on. Switching tubes S6 and S7 on the secondary side of the transformer are continuously on. Power flows from the inductor to the secondary side.



	(2)

	
Phase 2: t1–t2







At moment t1, the primary side of the full-bridge switching tube S3 off, at this time the inductor current is negative, diode D4 is in natural conduction, switching tube S4 achieves zero-voltage opening, the transformer secondary side switching tubes S6 and S7 continue to conduct.



	(3)

	
Phase 3: t2–t3







Transformer primary side full-bridge switching tube S1, S4 continue to conduct, transformer secondary side switching tubes S6 and S7 continue to conduct. t2 moment inductor current comes to over the zero point and both sides of the transformer at the same time charge the inductor current.



	(4)

	
Phase 4: t3–t4







At moment t3, the secondary side switching tube S6 off, S5 voltage discharge at both ends to 0, diode D5 natural conduction, switching tube S5 to achieve zero voltage open, the transformer primary side switching tube S1, S4 continue to conduct, to charge the inductor.



	(5)

	
Phase V: t4–t5







At moment t4, the secondary side of the full-bridge switching tube S7 off, the voltage at both ends of S8 discharge to 0, diode D8 natural conduction, switching tube S8 to achieve zero voltage open, the transformer primary side S1, S4 continue to conduct.



Similarly, the time domain expressions of the two fundamental wave voltages under TPS modulation can be derived (15) and (16) shown:


   u   1 , TPS     (  ω t  )  =   4  V  in    π  sin  (     φ  AB    2   )  sin  (  ω t +   π −  φ  AB    2   )   



(15)






   u   2 , TPS     (  ω t  )  =   4 M  V  in    π  sin  (     φ  DC    2   )  × sin  (  ω t −  φ  AD   +   π −  φ  DC    2   )   



(16)







The same power reference values as for EPS modulation are chosen. The expressions for the normalized value of active power PTPS,pu and reactive power QTPS,pu under TPS modulation are derived as follows (17) and (18).


   P   TPS , pu     = 0   . 25  × [ sin  (   φ  AD   +  φ  CD   −  φ  AB    )  + sin  φ  AD    + sin   (   φ  AB   −  φ  AD    )  − sin  (   φ  AD   +  φ  CD    )   



(17)






     Q   TPS , pu      = 0.25 [ − cos (  φ  AD   +  φ  CD   −  φ  AB   ) − cos  φ  AD   + cos  (   φ  AB   −  φ  AD    )         + cos   (   φ  AD   +  φ  DC    )  +  1  2 M   ( 1 − cos  φ  AB   )    



(18)








2.3. Analysis of Soft-Switching Characteristics under Three Modulation Strategies


In order to realize zero voltage switching (ZVS) of all switches, the anti-parallel diode of each switch needs to be turned on before the switch itself. Therefore, according to the positive current direction shown in Figure 1, it can be seen that in order to realize ZVS, a bridge arm needs to ensure that the inductive current iL < 0 at the moment when the upper tube S1 is turned on; to realize ZVS for bridge arm B, it is necessary to ensure that the inductor current iL > 0 at the moment when the upper tube S3 is turned on. To realize ZVS for D bridge arm, it is necessary to ensure that the inductance current iL > 0 at the moment when the upper tube S7 is turned on; to realize ZVS for bridge arm C, it is necessary to ensure that the inductor current iL < 0 at the moment when the upper tube S5 is turned on.



According to Figure 3, the conditions for realizing full-bridge arm ZVS under EPS modulation mode can be obtained, as shown in Equation (19). The full-bridge arm ZVS area drawn by Matlab is shown in Figure 6. The curves of various colors in the figure are the boundary lines of each bridge arm to realize ZVS.


   {    −  sin 2   (     φ  AB    2   )  + M cos  (   φ  AD    )  < 0      A   bridge   leg       sin 2   (     φ  AB    2   )  + M cos  (   φ  AB   −  φ  AD    )  > 0      B   bridge   leg      sin  (     φ  AB    2   )  × sin  (   φ  AD   −    φ  AB    2   )  + M > 0      C , D   bridge   leg       



(19)







According to Figure 4, the conditions for realizing ZVS of full-bridge arm in DPS modulation mode can be obtained, as shown in Equation (20):


   {    −  sin 2   (     φ  AB    2   )  + M sin  (     φ  AB    2   )  sin (  ϕ  AB   / 2 +  ϕ  AD   ) < 0      A   bridge   leg       sin 2   (     φ  AB    2   )  − M sin  (     φ  AB    2   )  sin  (     φ  AB    2  −  φ  AD    )  > 0      B   bridge   leg      sin  (     φ  AB    2   )  sin  (   φ  AD   −    φ  AB    2   )  + M  sin 2   (     φ  AB    2   )  > 0      C   bridge   leg      sin  (     φ  AB    2   )  sin  (   φ  AD   +    φ  AB    2   )  − M  sin 2   (     φ  AB    2   )  < 0      D   bridge   leg       



(20)







The full-bridge arm ZVS area drawn by MATLAB is shown in Figure 7.



According to Figure 5, the conditions for realizing ZVS of the full-bridge arm in TPS modulation mode can be obtained, as shown in Equation (21):


   {    −  sin 2  (    ϕ  AB    2  ) + sin (    ϕ  DC    2  ) sin (  ϕ  AD   +    ϕ  DC    2  ) < 0      A   bridge   leg       sin 2  (    ϕ  AB    2  ) + sin (    ϕ  DC    2  ) sin (    ϕ  DC    2  +  ϕ  AD   −  ϕ  AB   ) > 0      B   bridge   leg      sin (    ϕ  AB    2  ) sin (  ϕ  AD   −    ϕ  AB    2  ) +  sin 2  (    ϕ  DC    2  ) > 0      C   bridge   leg      sin (    ϕ  AB    2  ) sin (  ϕ  AD   +  ϕ  DC   −    ϕ  AB    2  ) −  sin 2  (    ϕ  DC    2  ) < 0      D   bridge   leg       



(21)







Since TPS contains three control quantities, in order to display the soft-switching area in the two-dimensional coordinate system, it is taken here that φDC = 90° for simulation. The ZVS area of the full-bridge arm drawn by Matlab is shown in Figure 8.



By comparing Figure 6 and Figure 7, it is not difficult to find that EPS modulation and DPS modulation have similar sizes in the soft-switching region of the full-bridge arm, while TPS modulation (φDC = 90°) has a smaller soft-switching region.




2.4. Minimum Reactive Power Analysis under Different Modulation Strategies


In order to analyze the minimum reactive power corresponding to the full-bridge ZVS under different modulation strategies, the unit value of active power is taken every 0.1 in the range of 0–1. Draw the full-bridge ZVS boundary line, the active power unit value curve and the reactive power contour line under the three modulation strategies in the same plane and, finally, obtain Figure 9, Figure 10 and Figure 11. The normalized value of the active power curve in the figure corresponds to a closed ellipse or oblique ellipse. Compare the minimum reactive power value of different modulation strategies when the gain M = 1. Through the reading of the data in Figure 9 and Figure 10, the minimum reactive value intersected by the unit value of different active power can be obtained. Under TPS modulation, the internal phase-shift angle of the secondary side bridge is given as φDC = 90°, the area where all active power curves are located is the hard-switching area.



According to the soft-switching boundary lines, the normalized value of the active power curves and the reactive power contours of the above three modulation modes, the EPS modulation mode achieves the largest area of full-bridge ZVS and the smallest reactive power value among the three modulation modes. TPS modulation reduces the range of the active power that can be transmitted due to the introduction of too many phase-shift angles and when PEPS.pu = 0.7, all are located in the hard-switching area. The minimum reactive power values at different active power unit values for different modulation modes are shown in Table 1.





3. Optimal Reactive Power Control Strategy


3.1. Series-Resonant DAB Reactive Power Optimization Control Strategy


Determine the objective function studied in this paper as in Equation (22):


  Min  [   Q  EPS    (   φ  AD   ,  φ  AB    )   ]   



(22)







When the system transmits a certain value of active power, the active power trajectory is used as the limiting condition of the equation. As in Equation (23):


   P  o . pu   =  P  EPS . pu    (   φ  AD   ,  φ  AB    )   



(23)







When the system transmits a certain value of active power, the active power value is taken as a known quantity, and the active power trajectory is taken as the limit condition of the equation, the functional expressions of the intra-bridge phase-shift angle φAB and the inter-bridge phase-shift angle φAD can be obtained, as in Equation (24):


   φ  AB   = f  (   φ  AD   ,  P  EPS . pu    )   



(24)







Using 8MVin2/π2X as the power reference value, the expression obtained is as in Equation (25):


   P  EPS  . pu    = 0.5  [  sin  φ  AD   + sin  (   φ  AB   −  φ  AD    )   ]   



(25)







Two expressions for the phase-shift angle φAB within the bridge can be obtained as in Equations (26) and (27):


   φ   AB 1    = arcsin  (  2  P  EPS . pu   − sin  φ  AD    )  +  φ  AD    



(26)






   φ   AB 2    = π +  φ  AD   − arcsin  (  2  P  EPS . pu   − sin  φ  AD    )   



(27)







The two expressions of the intra-bridge phase-shift angle φAB are substituted into the expression of the reactive power standardized value, and the expression of the reactive power relative to the inter-bridge phase-shift angle φAD is obtained as in Equations (28) and (29):


     Q  EPS .  pu 1      = 0.5 cos  [  arcsin  (  2  P  EPS  . pu    − sin  φ  AD    )   ]  − 0.5 cos  φ  AD         +  1  2 M    {  1 − cos  [  arcsin  (  2  P  EPS  . pu    − sin  φ  AD    )  +  φ  AD    ]   }     



(28)






     Q  EPS .  pu 2      = 0.5 cos  [  π − arcsin  (  2  P  EPS . pu   − sin  φ  AD    )   ]  − 0.5 cos  φ  AD          +   1  2 M    {  1 − cos  [  π +  φ  AD   − arcsin  (  2  P  EPS . pu   − sin  φ  AD    )   ]   }     



(29)







The three curves above in Figure 12 are the images of QEPS.pu1, and the three curves below are the images of QEPS.pu2. From the above relationship between the reactive power standardized value QEPS.pu and the inter-bridge phase-shift angle φAD under different gain M, it can be seen that when the gain M = 1, the image of QEPS.pu2 is always located below the image of QEPS.pu1, indicating that the same inter-bridge phase shift The reactive power value of QEPS.pu2 is always smaller than that of QEPS.pu1 when the phase angle shifts phase angle, and when the gain M is 0.5, the image of QEPS.pu2 is located above the image of QEPS.pu1 in the 0.33–1.03 radian range, so the reactive power value of QEPS.pu2 is larger than that of QEPS.pu1 in this range, and when M = 0.75, the reactive power value of QEPS.pu1 in the reactive power value of QEPS.pu2 is greater than that of QEPS.pu1 in this range; when M = 0.75, in the range of 0.35–0.73 radians, the image of QEPS.pu2 is located above the image of QEPS.pu1, and the reactive power value of QEPS.pu2 is greater than that of QEPS.pu1 in this range. The smaller the gain M, the larger the range of QEPS.pu2, but from the size of the range of the two, the QEPS.pu2 reactive power standardized value is always smaller than the larger range, and when the gain M = 1, the full range of the QEPS.pu2 value is constantly smaller than QEPS.pu1.



Keep the gain M = 1 constant, change the active power standardized value, the reactive power standardized value QEPS.pu, and the relationship between the inter-bridge phase-shift angle φAD is shown in Figure 13.



The top two curves in Figure 13 are images of QEPS.pu1 and the bottom two curves are images of QEPS.pu2. From Figure 13, it can be seen that changing the magnitude of the active power minimum value QEPS.pu does not affect the trend of the curve of the gain reactive power minimum value QEPS.pu and the inter-bridge phase-shift angle φAD, and the value of QEPS.pu1 is always larger than the value of QEPS.pu2 during the change of the inter-bridge phase-shift angle φAD. As the inter-bridge phase-shift angle φAD increases, the reactive power minimum value QEPS.pu is always increasing.



In order to prove the reliability of the formula, this paper verifies the formula by building a simulation through matlab, given the input voltage Vin = 100 V, output voltage Vo = 100 V and active power P = 200 W and finally verifies the reactive power data of equation QEPS.pu1 and equation QEPS.pu2 under different phase-shift angles when the gain M = 1, as shown in Table 2.



From the simulation results in Table 2 for different inter-bridge phase-shift angles, it can be seen that the reactive power value of equation QEPS.pu1 is always greater than that of equation QEPS.pu2. The simulation waveforms are given here for the inter-bridge phase-shift angle φAD = 30°, intra-bridge phase-shift angle φAB1 = 76.9° and φAB2 = 163.1°; inter-bridge phase-shift angle φAD = 90°, intra-bridge phase-shift angle φAB1 = 103° and φAB2 = 257°; and the simulation waveforms are shown in Figure 14, Figure 15, Figure 16 and Figure 17.



Since there is a certain error between the theoretical calculation and the simulation value, the active power values in the above simulation results are slightly smaller than the theoretical values, but they are within the error range. According to the comparison between the above analysis and the simulation results, it can be seen that when the gain M = 1, among the two inter-bridge phase-shift angles corresponding to the same inter-bridge phase-shift angle φAD, the one with the larger inter-bridge phase-shift angle value has a smaller reactive power value. When the gain M is less than 1, the small region Qepspu1 is smaller than Qepspu2; therefore, this paper selects the reactive power needed to make a judgment about the gain M, and then compares the size of the reactive power values of Equations (28) and (29).



In the current power reference value, gain M = 1 for active power of 200 W and the corresponding active power standardized value is 0.62, so the intersection of the reactive power contour occurs when the normalized value of active power is 0.52, 0.62 and 0.72, respectively, is drawn as shown in Figure 18: the blue horizontal and vertical lines in the figure are the intra-bridge phase-shift angle φAB = π and the inter-bridge phase-shift angle φAD = π/2.



The following conclusions can be drawn from Figure 18:




	(1)

	
In a certain active power standardized value, when the same inter-bridge phase-shift angle φAD corresponds to two intra-bridge phase-shift angles φAB and the larger the intra-bridge phase-shift angle, the smaller the value of the reactive power contour is handed over. Similarly, the same intra-bridge phase-shift angle φAB corresponds to two intra-bridge phase-shift angles φAD and the smaller value of the reactive power contour;




	(2)

	
At a certain active value in the intersection with the reactive power contour, the closer to the right side of the image, the greater the value of the reactive power; the closer to the left side of the image, the smaller the value of the reactive power;




	(3)

	
The minimum reactive power is located in the vicinity of the intra-bridge phase-shift angle φAB = π, which is near the single phase-shift modulation strategy.









According to the above analysis, a reactive power minimization control measurement is designed in this paper. When the output voltage and active power standard minimum values are given, the system automatically performs the optimization search and finally outputs a combination of phase-shift angles with the minimum reactive power under the condition of realizing the full-bridge arm ZVS so that the reactive power accounts for the minimum in the system and thus improves the efficiency of the system.



As can be seen from Figure 18, the obtained minimum reactive power value under the full-bridge arm of ZVS is located near the intra-bridge phase-shift angle φAB = π, and the difference between the minimum reactive power value under the full-bridge arm of ZVS is very small in its upper and lower seeking directions, so only the upper direction of seeking is performed in this paper, which is based on the obtained single phase-shift angle φAD plus delta phi. The experiments and simulations that follow compare the reactive power minima in the upper and lower directions to express the small differences between them. The flow chart of the reactive power minimization control strategy designed in this paper is shown in Figure 19 below.



First, in the optimal reactive power control, input voltage, output voltage, transformer ratio and the normalized values of active power are first given to calculate the gain M. According to the active power expression of the single phase-shift control strategy, the inter-bridge phase-shift angle φAD can be found since the same active power output results in two inter-bridge phase-shift angles. According to the previous analysis, the smaller the inter-bridge phase-shift angle φAD is, the smaller the corresponding reactive power value is. Due to the optimization procedure, the system output inverse delta function results in the interval [0–π/2]. Make a determination of M. If M is not less than 1, substitute φAD into Formula (29), record the reactive power value as Qmin at this time, and then carry out the optimization solution cycle. Add a set step ∆φ to φAD, where the step ∆φ is given as 0.001 in the program, record it as φAD in the program, bring it into Formula (27) to get the corresponding intra-bridge phase-shift angle φAB, bring (φAD, φAB) into the full-bridge arm ZVS inequality to see if it satisfies the full-bridge arm ZVS inequality, and if it does, then bring (φAD, φAB) into Formula (29) and record the obtained Q(φAD) as Q’ and compare it with Qmin, record the smaller one as Qmin, record the phase-shift angle at this time as φAD, then go back to φAD and add a set step ∆φ, and so on until the obtained phase-shift angle does not meet the full-bridge arm ZVS output minimum reactive power value Qmin corresponding to the system, and give the number of times to seek and the corresponding best phase-shift angle combination according to the output requirements of the flow chart, and then look up in the table to get the best phase-shift angle combination corresponding to the minimum reactive power. If M is less than 1, put φAD into band Formulas (28) and (29), respectively, to get the corresponding Q’(AD), and record the smaller value as Q’min; then carry out another optimization solution cycle, add a set step to φAD similarly, ∆φ, according to Formulas (26) and (27), to obtain the corresponding intra-bridge phase-shift angle φAB, Substitute (φAD, φAB) into the ZVS inequality of full-bridge arm, compare the minimum value of reactive power obtained by the two sets of phase-shift angles and remember the smaller value as Q’’, compare it with Q’min and remember the smaller value as Q’min. This cycle is carried out until the obtained phase-shift angle does not meet ZVS and the minimum reactive power value Q’min corresponding to the system is output. According to the output requirements of the flow chart, the times and the corresponding optimal phase-shift angle combinations are given, and then the optimal phase-shift angle combination corresponding to the minimum reactive power is obtained by searching in the table.




3.2. Minimum Reactive Power Simulation Verification


According to the control strategy proposed in this paper, the simulation was built in MATLAB for the experiment, and the reactive power value was compared by comparing the obtained phase-shift angle combination with other randomly selected points of the phase-shift angle combination. When the gain M = 1, according to the obtained phase-shift angle combination brought into the simulation with the phase-shift angle combination of (25.8°, 152°), the obtained the active and reactive power simulations are as shown in Figure 20.



Observe the ZVS of each bridge arm, as shown in Figure 21, Figure 22 and Figure 23 below.



When full-arm ZVS is achieved, the A-arm current changes from negative to positive after the A-arm drain-source voltage drops to 0. The B-arm current changes from positive to negative after the B-arm drain-source voltage drops to 0. The C-arm current changes from negative to positive after the C-arm drain-source voltage drops to 0.



A combination of phase-shift angles within the ZVS range of the two full-bridge arms was randomly selected for the same power and gain, and the phase-shift angles (φAD = 97.2°, φAB = 115°) were chosen for the comparison of reactive power values, as shown in Figure 24.



The selected phase-shift angles (φAD = 31°, φAB = 80.2°) for the comparison of reactive power values is shown in Figure 25.



From the above simulation results, it can be seen that the reactive power value of the obtained phase-shift angle is significantly smaller than other combinations of phase-shift angles under the premise of achieving full-bridge arm ZVS. Although the obtained points may be located near the boundary of the A-bridge arm or B-bridge arm, the obtained results are located within the ZVS range, and the value of the reactive power is greatly reduced, which improves the overall efficiency of the system.



When the gain M = 0.8, the combination of phase-shift angles output from the flow chart is brought into the simulation, and the combination of phase-shift angles is (92°, 239°), the simulation results of the active and reactive power obtained are as shown in Figure 26.



Observe the ZVS of each bridge arm as shown in Figure 27, Figure 28 and Figure 29 below.



When the full-arm ZVS is realized, the resonant current turns from negative to positive after the A-arm drain-source voltage drops to 0. After the B-arm drain-source voltage drops to 0, the resonant current is at the positive to negative boundary, and the B-bridge arm is at the soft-switching boundary at this time. After the C-bridge arm drain-source voltage drops to 0, the transformer secondary current turns from negative to positive.



In the ZVS range of the full-bridge arm, a combination of phase-shift angles with the same power and gain was randomly selected and the phase-shift angle (φAD = 63°, φAB = 202.57°) was chosen to compare the reactive power values, as shown in Figure 30.



When the gain M = 0.8, it can be seen from the above simulation results that the reactive power value of the obtained phase-shift angle is significantly smaller than another set of phase-shift angle combinations under the premise of realizing the full-bridge arm ZVS, which improves the system efficiency.



When the gain M = 0.6, the simulations were performed for the combination of phase-shift angles (96.3°, 192°) and randomly selected phase-shift angles (92.4°, 195°) of the system output in the full-bridge arm ZVS range to compare the reactive power values, as shown in Figure 31 and Figure 32.



When the gain M = 0.6, it can be seen from the simulation results in Figure 31 and Figure 32 that the system output phase-shift angle combination has a smaller value of reactive power compared with the randomly selected phase-shift angle combination, so it can be proved that the system output phase-shift angle combination is more efficient.



From the above simulation, it can be seen that whether the gain M is less than 1 or the gain M is equal to 1, the reactive power output by the system with the combination of phase-shift angles is smaller than the combination of phase-shift angles randomly selected under the premise of satisfying the full-bridge arm ZVS, so the correctness of the control strategy can be proved.



According to the flowchart prepared in MATLAB, the simulation results for active power of 200 W for different output voltage ranges and for an output voltage of 100 V for different power cases were measured, as shown in Table 3 and Table 4.





4. Experimental Verification


Using the parameters given in Table 5, a test prototype was built for experimental verification of the theoretical analysis.



During the experiments, several different sets of phase-shift angles were selected for the experiments. Due to the need to ensure the safety of the experiments during the design process, the output current quickly reached the current limit value when the combination of phase-shift angles with larger values of reactive power were selected, which also confirms that the larger the reactive power, the lower the system efficiency. Therefore, the selected combinations of phase-shift angles are near the reactive power minimum point.



Firstly, the combination of phase-shift angle of the system output was used in the experiment. When the combination of inter-bridge phase-shift angle φAD and intra-bridge phase-shift angle φAB was (57°, 213°), the soft-switching waveforms of bridge-arm A, bridge-arm B and bridge-arm C were obtained, as shown in Figure 33, Figure 34 and Figure 35. In the figures, channel 1 is the driving voltage, channel 2 is the resonant current and channel 3 is the drain source voltage.



The waveforms of reactive power and active power are shown in Figure 36, where channel 1 is the voltage uAB waveform at the midpoint of the two bridge arms on the primary side, channel 2 is the resonant current waveform, channel 3 is the voltage uDC waveform at the midpoint of the two bridge arms on the secondary side and channel 4 is the output current waveform.



It can be seen that the combination of the phase-shift angle of the output of the reactive power flow diagram is located near the soft-switching boundary of the B-bridge arm, but the parasitic parameters of the switching device and transformer are not considered in the simulation. However, in the actual experimental process, the parasitic parameters of the PCB board and the switching device and other factors affect the circuit operation, resulting in the actual experimental results of the B-bridge arm not achieving soft-switching; in the actual simulation, because the transformer is the ideal case, the simulation of the B-bridge arm achieves ZVS soft switching, resulting in deviations between the theoretical simulation results and the actual experimental results.



When the combination of inter-bridge phase-shift angle φAD and intra-bridge phase-shift angle φAB is (40°, 171°) and the combination of inter-bridge phase-shift angle φAD and intra-bridge phase-shift angle φAB is (49°, 190°), the obtained active and reactive power waveforms are as shown in Figure 37 and Figure 38.



From the above experimental waveform diagram, it can be seen that the reactive power of the phase-shift angle combination output by the flow chart is smaller than the reactive power of the randomly selected phase-shift angle, and it can be learned from the calculated efficiency that the system efficiency is the highest for the phase-shift angle combination output by the flow chart. The transmission efficiencies of the three phase-shift angle combinations are calculated for an output power of 200 W, as shown in Table 6.




5. Conclusions


In this paper, a reactive power-minimization control strategy is proposed with the topology of series-resonant DAB, EPS is analytically selected as the modulation method and the reactive power of the system is reduced as the objective, with the realization of full-bridge arm ZVS as the premise. By analyzing and studying the objective function, the reactive power-minimization control algorithm is designed and the optimization flow chart is drawn, and the two cases of gain M less than and M equal to 1 are verified by simulation. The simulation results from Figure 31 and Figure 32 show that when the gain M = 0.6, the reactive power value of the system output phase-shift angle combination is 10 Var smaller than the reactive power of the randomly selected phase-shift angle combination. The simulation results from Figure 26 and Figure 30 show that when the gain M = 0.8, the reactive power value of the system output phase-shift angle combination is 11.7 Var smaller than the reactive power of the randomly selected phase-shift angle combination. The case of gain M = 1 was verified experimentally, and as can be seen from the data in Table 6, the reactive power values at the output of the system were reduced by 22.7 Var and 16.4 Var compared to two randomly chosen combinations of phase-shift angles. Therefore, it can be proved that the control strategy can effectively improve the system efficiency.
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Figure 1. Series-resonant-type dual-active-bridge converter topology. 
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Figure 2. Series-connected resonant dual-active-bridge converter equivalent circuit diagram. 
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Figure 3. Work waveform under EPS modulation. 
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Figure 4. Work waveform under DPS modulation. 
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Figure 5. Work waveform under TPS modulation. 
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Figure 6. ZVS area under EPS modulation. 
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Figure 7. ZVS area under DPS modulation. 






Figure 7. ZVS area under DPS modulation.



[image: Energies 15 03856 g007]







[image: Energies 15 03856 g008 550] 





Figure 8. Closeroen arm ZVS area under TPS modulation. 
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Figure 9. Intersection of active power and reactive power contours under EPS modulation (M = 1). 
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Figure 10. Intersection of active power and reactive power contours under DPS modulation (M = 1). 
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Figure 11. Intersection of active power and reactive power contours under TPS modulation (M = 1). 
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Figure 12. PEPS.pu = 0.67 at different gain M, the relation curve between QEPS.pu and the bridge phase-shift angle φAD. 
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Figure 13. The relation curve between QEPS.pu and the bridge phase-shift angle φAD under different monoid values of active power. 
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Figure 14. φAD = 30°, φAB = 76.9° active power and reactive power waveforms. 
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Figure 15. φAD = 30° and φAB = 163.1° active power and reactive power waveforms. 
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Figure 16. φAD = 90° and φAB = 103° active power and reactive power waveforms. 
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Figure 17. φAD = 90° and φAB = 257° active power and reactive power waveforms. 
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Figure 18. Intersection of different active power standardized values and reactive contour. 
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Figure 19. Reactive power minimization optimization seeking control flow. 
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Figure 20. φAD = 25.8° and φAB = 152° active power and reactive power waveforms. 
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Figure 21. φAD = 25.8° and φAB = 152° bridge-arm A drain-source voltage and current waveforms. 
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Figure 22. φAD = 25.8° and φAB = 152° bridge-arm B drain-source voltage and current waveforms. 






Figure 22. φAD = 25.8° and φAB = 152° bridge-arm B drain-source voltage and current waveforms.
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Figure 23. φAD = 25.8° and φAB = 152° bridge-arm C drain-source voltage and current waveforms. 






Figure 23. φAD = 25.8° and φAB = 152° bridge-arm C drain-source voltage and current waveforms.
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Figure 24. φAD = 97.2° and φAB = 115° active power and reactive power waveforms. 
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Figure 25. φAD = 31° and φAB = 80.2° active power and reactive power waveforms. 
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Figure 26. φAD = 92° and φAB = 239° active power and reactive power waveforms. 
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Figure 27. φAD = 92° and φAB = 239° bridge-arm A drain-source voltage and current waveforms. 
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Figure 28. φAD = 92° and φAB = 239° bridge-arm B drain-source voltage and current waveforms. 






Figure 28. φAD = 92° and φAB = 239° bridge-arm B drain-source voltage and current waveforms.
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Figure 29. φAD = 92° and φAB = 239° bridge-arm C drain-source voltage and current waveforms. 
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Figure 30. φAD = 63° and φAB = 202.57° active power and reactive power waveforms. 






Figure 30. φAD = 63° and φAB = 202.57° active power and reactive power waveforms.
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Figure 31. φAD = 96.3° and φAB = 192° active power and reactive power waveforms. 
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Figure 32. φAD = 92.29° and φAB = 185° active power and reactive power waveforms. 






Figure 32. φAD = 92.29° and φAB = 185° active power and reactive power waveforms.
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Figure 33. Bridge-arm A soft-switching waveform diagram. 
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Figure 34. Bridge-arm B soft-switching waveform diagram. 






Figure 34. Bridge-arm B soft-switching waveform diagram.



[image: Energies 15 03856 g034]







[image: Energies 15 03856 g035 550] 





Figure 35. Bridge-arm C soft-switching waveform diagram. 
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Figure 36. φAD = 57° and φAB = 213° experimental waveforms with reactive power optimization control. 
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Figure 37. φAD = 40° and φAB = 171° experimental waveforms without reactive power optimization. 
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Figure 38. φAD = 49° and φAB = 190° experimental waveforms without reactive power optimization. 






Figure 38. φAD = 49° and φAB = 190° experimental waveforms without reactive power optimization.
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Table 1. The normalized value of active power and the minimum reactive power intersection value.
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The Normalized Values of Active Power

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9






	
Minimum reactive power value

	
EPS

	
0

	
0.018

	
0.05

	
0.07

	
0.12

	
0.20

	
0.27

	
0.39

	
0.52




	
DPS

	
0

	
0.02

	
0.05

	
0.08

	
0.13

	
0.21

	
0.29

	
0.4

	
0.55




	
TPS

	
0.4

	
0.62

	
0.77

	
0.9

	
1

	
1.6
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Table 2. Comparison of reactive power values at different phase-shift angles.
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	Inter-Bridge Phase-Shift Angle φAD (°)
	Intra-Bridge Phase-Shift Angle φAB1 (°)
	Reactive Power QEPS.pu1 (Var)
	Intra-Bridge Phase-Shift Angle φAB2 (°)
	Reactive Power QEPS.pu2 (Var)





	30
	76.9
	100
	163.1
	65



	60
	81.9
	200
	219
	57



	90
	103
	340
	257
	43



	120
	141.34
	495
	278.66
	67



	150
	196.88
	539
	283.12
	146
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Table 3. Optimal combination of phase-shift angle at 200 W output power and 50–100 V output voltage.
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	The Output Voltage (V)
	Inter-Bridge Phase-Shift Angle φAD (rad)
	Intra-Bridge Phase-Shift Angle φAB (rad)





	50
	2.094
	4.002



	60
	1.683
	3.352



	70
	1.516
	3.789



	80
	1.612
	4.180



	90
	1.292
	4.012



	100
	0.990
	3.722
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Table 4. Output voltage 100 V output power 100 W–200 W change optimal phase-shift angle combination table.






Table 4. Output voltage 100 V output power 100 W–200 W change optimal phase-shift angle combination table.





	Output Power (W)
	Inter-Bridge Phase-Shift Angle φAD (rad)
	Intra-Bridge Phase-Shift Angle φAB (rad)





	150
	0.696
	3.550



	160
	0.750
	3.582



	170
	0.806
	3.614



	180
	0.865
	3.649



	190
	0.925
	3.684



	200
	0.990
	3.722
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Table 5. Main circuit parameters of the experimental prototype.






Table 5. Main circuit parameters of the experimental prototype.





	Parameter Name
	Parameter Value





	Input Voltage Vin
	100 V



	Output Voltage Vo
	100 V



	Switching Frequency fs(Hz)
	100 kHz



	Transformer Ratio
	1:1



	Resonant Inductor
	146 μH



	Resonant Capacitor
	24 nF



	Rated Power
	200 W



	Dead Time
	200 ns



	MOSFET
	20N60C3
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Table 6. Reactive power when the transmitted power is 200 W.






Table 6. Reactive power when the transmitted power is 200 W.





	
Output Power

	
Phase-Shift Angle Combination

	
Reactive Power Value






	
200 W

	
(57°, 213°)

	
86.8 Var




	
(40°, 171°)

	
109.5 Var




	
(49°, 190°)

	
103.2 Var
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