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ABSTRACT

This paper presents a thorough study of single-phase grid connected photovoltaic (PV) converter based on
current-fed dual active bridge (CF-DAB) dc-dc converter. In this current-fed dual active full bridge dc-dc
converter over the whole operating range under phase-shift and duty cycle control is introduced. An optimized
operating mode achieving minimum root-mean square (rms) transformer primary current is derived in this
paper under soft-switching conditions. The analysis and experimental results show that operating mode one and
two has less power loss at higher output power range. With the proposed control, zero-voltage switching (ZVS)
can be achieved for all switches within wide load range with low circulation loss. The converter with the
proposed control has lower current ripples, circulation loss and peak current. Since current-fed DAB converters
can be extended to multi-port and multi-phase applications. The simulation results are shown in this paper and
the effectiveness of the proposed converter are verified by the experimental hardware results of a 5KW
prototype as in previous paper.

Index terms- current fed dual active bridge converter, optimized operation, photovoltaic (PV), root

mean square (RMS), soft switching.

I. INTRODUCTION

In grid connected PV system, Two-stage PV converter with high gain dc-dc converter cascaded by inverter is
most popular topology [1-2]. In this structure, the reliability and lifetime of the PV system is reduces due to the
bulky electrolytic capacitors application [3]. Therefore, efforts have been devoted to reduce the dc-link
capacitance [4-11]. However, LVS dc-link capacitor may suffer from large voltage variations, which may not
only affect the control system but also result in low-frequency ripple energy propagating into the PV side and
reduces the MPPT performance. Extra circuits such as a high frequency current-fed active power filter (APF)
and passive filter are employed to buffer the low-frequency ripple energy, but increase the cost and complexity
of the PV system [8-10]. Small dc capacitors have also been proposed for PV application in voltage-fed dual
active bridge (VF-DAB) dc-dc converter [11]. Nevertheless, unsymmetrical duty cycle control leads to high
current stress on power device as well as potential saturation issue of magnetic cores due to the large
transformer.

This paper introduces a novel single-phase PV system based on CF-DAB dc-dc converter with small DC-link
capacitor that can achieve minimized low-frequency ripple effect on MPPT without adding extra components.
The zero-voltage-switching (ZVS) characteristics are particularly suitable for PV application in current-fed

topology. In the proposed approach, by regulating duty cycle the input PV voltage is directly controlled,
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therefore, the PV arrays are immune to low-frequency power fluctuation and an optimized MPPT is achieved.

Because of an advanced phase-shift control, large voltage ripples are permitted in the dc-link and the dc voltage
ripples between primary side and second side are symmetrical, which contributes to reduce the transformer peak
current. Furthermore, the interleaved structure is also helpful to reduce the input power ripple. The PV converter
can allow the film capacitor to replace the bulky electrolytic capacitor with the proposed technology.

Il. PROPOSED CURRENT-FED DUAL ACTIVE BRIDGE BASED PV CONVERTER

Fig. 1 shows the proposed single-phase grid-connected PV converter based on the CF-DAB dc-dc converter.
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Fig-1. Proposed CF-DAB based PV converter.

The primary side of CF-DAB dc—dc converter performs the boosts operation and increase the PV voltage to a

suitable level and provides galvanic isolation so that both the dc—dc converter and the inverter can operate
efficiently. The leakage inductance of transformer Ls is as energy storage elements to transfer the power
between two sides and the power flow is mainly controlled by a phase-shift angle ¢. The middle points of two
legs in LVS are connected to one energy source port through two DC inductors Ldcl-Ldc2, and duty cycle D is
another control variable to adjust the power distribution between the two ports of LVS. Since the potential of
efficiency improvement is limited for a traditional H-bridge inverter, the total efficiency of the PV converter

largely depends on the optimized operation of the dc—dc stage.

I11. OPERATING PRINCIPLE OF CF-DAB CONVERTER BASED PV APPLICATION

The proposed converter for CF-DAB converter for PV application is shown in fig-1. CF-DAB has two degrees
of freedom, the duty cycle D and phase shift angle ¢ by which the PV voltage and LVS dc link voltage are
controlled respectively. The primary side of the CF-DAB converter boost the PV voltage and directly performs
the maximum power point tracking. On secondary side full bridge converter will co-ordinate with the CF-DAB
converter to achieve the effective maximum power point tracking and delivered the maximum PV power and
desired reactive power to the grid.

Fig-2. shows the operating sub areas of CF-DAB converter with positive power flow. In this the duty cycle D
ranges between 0 to 1 and phase shift angle ¢ ranges from 0 to w. There are seven subareas that can be obtained

from the four operating modes and each one has two conditions: D < 0.5 and D > 0.5. The phase shift angle less
than % and duty cycle arround 0.5 is preferred in order to reach high efficiency. Hence mode 1 and mode 2 are

most common operating modes in CF-DAB converter. The waveforms of CF-DAB converter for different

modes are shown in figure-3.
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Fig-2. operating sub-areas of CF-DAB
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Fig-3. Waveforms of the CF-DAB converter. (a) Mode I: 0 < ¢ <min{2DT &, = — 2DT x}. (b) Mode II: 0.25 <
DT <0.5, 2DT n < ¢ <n —2DT =. (¢) Mode I1I: max{2DT =, = — 2DT n} < ¢ < x. (d) Mode 1V: 0 < DT < 0.25,
2DTn< @ <m—2DT n. DT = min{D, 1 — D}.

As shown in waveforms, V,,; and V' . are primery and primery refferd secondary side voltages respectively.
irq4c 1S the dc inductor current and i, is the transformer primery current. It can be seen that the transformer
current is periodic and symmetrical over a switching cycle, hence the waveforms in half switching cycle are
used for analysis.

The key waveforms of operating mode | are shown in Fig.3(a), where 0 < ¢ <min {2D"x, = — 2D” =}, and DT
is the minimum value of D and 1 — D. Vpri and Vsec are the transformer primary-side voltage and the primary

referred secondary-side voltage, respectively. i;,. is the dc inductor current, and i, is the transformer primary
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current. It can be observed that the transformer current is periodic and symmetrical over a switching cycle;

hence, the waveforms in a half switching cycle are used for analysis. Over a half switching cycle the

instantaneous current i, (wt) is represented as

I{(E)(mt — (1-d)D"n), 0 <owt=<o

e | B a0t e<us s

irs (ot) = {i (w )(d((P — o)+ (1 + d)DTn), 2DTn < wt <2DTn+ ¢

\(VTS)(l—d)DTn. 2D"n+o<wt<m
---------------- (1)

where o is the angular switching frequency, Ls is the leakage inductance, and d is the primary referred voltage
ratio of the high-voltage side (HVS) dc link to the LVS dc link, i.e., d=VVo/nVd, with Vo and Vd being the HVS
and LVS dc-link voltages, respectively, and n being the transformer turns ratio. Therefore, the transformer

primary RMS current and peak current can be derived in the following:

_ |1,
Irmsl= /;fo iLs(wt)2dot

X J(1-%p7) [ - d)pTmj2 + HEERE @

oLs 3n

. T _ vd
Ipkl ={1LS(ZD m) = oLs[dg + (1 —d)DT n]’
iLs(p) = Vd/oLs[¢p — (1 — d)D"x], d> 1

————————————————— (3)
The power flow equation is calculated by integrating the instant power over a half switching cycle as follows:
fon Vpri(wt).iLs(wt). dot = vdz ——dg (2D? - —) ————————————————— 4)

Where Vpri (ot) is the primary-side voltage of the transformer, and i, (wt) is the primary-side transformer
current. Similarly, the transformer RMS and peak currents, and the power flow equations for other operating

modes can be derived, which are summarized in Table-1.
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As the converter mainly operates in modes | and I, the minimized transformer peak current for a fixed dc-link

voltage is achieved when the voltages on the LVS and the HVS are matched, i.e., d = 1. However, d = 1 will not
minimize the RMS current. Since the ZVS technique is applied to the CF-DAB converter, the switching loss is
greatly reduced, whereas the conduction loss becomes dominating in the device loss. Therefore, the RMS
current is more critical than the peak current from the perspective of reducing power loss. To achieve a low

power loss, the operating mode with a minimized RMS current is highly desired.

V. SIMULATION

The simulink model for current fed dual active bridge dc-dc converter for PV application is shown in fig-4. The
primary side of this converter is connected to the PV array and secondary side is connected to the grid system. It
consists of high frequency transformer whose main function is to perform the boost operation and provides the
galvanic isolation. The DC-DC converter that has high power capabilities comprised of eight semiconductor
devices, a high frequency transformer, energy transfer inductor, and dc-link capacitors. Fig-5. Shows the
Simulink model of pulse generator for CF-DAB converter for PV application. 5(a) and 5(b) shows pulse

generator for H bridge DC-DC converter and 5(c) shows for inverter.
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Fig-4. Simulink model for CF-DAB converter for PV application
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Fig-5. Simulink model of pulse generator for CF-DAB converter for PV application
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V. SIMULATION RESULTS

The simulation is shown in figure 4 and its results are shown in figure 5.As can be seen, the d = 1 mode in Fig.
5(a) has the minimum peak current, whereas its RMS current is much larger than that of the minimum-RMS-
current mode (d = 0.875) in Fig. 5(b). Moreover, the lower switches in the primary side, i.e. Sp2 and Sp4,
suffers from hard switching in the d = 1 mode, whereas soft switching is realized in the minimum-RMS current
mode. At a high input voltage the minimum-RMS-current mode can extend the soft switching range. It should
be noted that, the ZVS is not fully achieved for Sp2 in Fig. 5(b). This is because the analysis is based on an ideal
model, without considering the parasitic capacitance and the power loss in the circuit. In a real case, to achieve
the ZVS, the energy in the circuit must be sufficient to charge or discharge the output capacitance of the
switches during the dead time. In Fig. 5(c), the ZVS of Sp2 is achieved when Vd is further increased. i.e., d =
0.845. The converter achieves the highest efficiency despite the increased peak and RMS currents over the

minimum-RMS-current mode due to the ZVS turn on.
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Fig-6. Experimental waveforms at Vin = 200 V, Vo = 600 V, and P = 4 kW. (a) d = 1 mode at Vd = 307 V. (b)
Minimum-RMS-current mode at Vd = 343 V. (c) Best efficiency operating at Vd = 355 V

VI. CONCLUSION

The current-fed full-bridge boost converter with zero voltage switching is simulated using matlab simulink and
implemented using 16F8778 microcontroller. With proper selection of phase shift angle ¢ and duty cycle D, the
current fed dual active bridge converter can achieve high efficiency. Seven sub areas that can be obtained by
combining the four operating mode symmetrically, out of these modes, mode 1 and mode 2 is more suitable for
CF-DAB converter operation. In addition soft switching conditions and minimum RMS current is also achieved.
Further, efficiency can also be improved by using higher variable dc link voltage corresponding to the input
voltage.
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