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Abstract: Intended for the high voltage gain and wide-range operation of DC/DC converters for 12 
photovoltaic energy storage systems, a topology for four-phase interleaved DC/DC converters for 13 
photovoltaic power generation is proposed. This topology increases output voltage for output in 14 
series, and reduces the input current ripple by paralleling the input. Compared with traditional 15 
boost converter topology, the proposed topology reduces the output current and output voltage 16 
ripple, reduces the stress of the switching device, and reduces the withstanding voltage of the 17 
output capacitor under the premise of ensuring the boost ratio. Experimental results show that the 18 
maximum efficiency of the converter reaches 95.37%. Compared with traditional boost converters, 19 
the proposed converter offers obvious advantages in efficiency under the conditions that the 20 
output voltage and load are variable. 21 

Keywords: DC-DC converter, photovoltaic energy storage system, high voltage gain, high 22 
efficiency 23 

 24 

1. Introduction 25 
A photovoltaic energy storage system not only solves the problem of uncertainty in solar power 26 

generation, but also reduces environmental pollution and solves the problem of shortage of 27 
non-renewable resources [1]. The existence of a DC/DC converter solves the problem of power 28 
conversion between a photovoltaic power generation system and a DC bus [2]. The output voltage of 29 
a single solar panel is generally 18 V or 36 V, and the DC bus voltage is generally 500 V. Therefore, 30 
the requirements that such DC/DC converters need to meet are a higher boost ratio, higher 31 
efficiency, smaller input current and output voltage ripple, higher power density, wider voltage gain 32 
range, and long-term stable operation [3]. Traditional boost converters have difficulty meeting the 33 
above requirements because of their own topological characteristics. 34 

In the literature on the topology of DC/DC converters for the optical storage of combined power 35 
generation systems, study [4] proposed a new type of DC/DC converter structure for high-frequency 36 
transformer integration and high-voltage power distribution. This structure had the advantages of 37 
high frequency voltage transformation, high efficiency, and high voltage operation. Study [5] 38 
proposed a wide input voltage, high-efficiency non-isolated DC/DC converter that solved the 39 
problem of large fluctuation in the input voltage, and had a simple structure, high efficiency, and 40 
strong anti-interference ability. Study [6] proposed a novel non-isolated, zero-voltage switching 41 
(ZVS), interleaved DC-DC boost converter that recycled energy stored in the inductor by using a 42 
coupled inductor and an active clamp circuit. In addition, ZVS conduction of the main switch and 43 
clamp switch could be realized. The active clamp circuit suppressed the voltage spike on the main 44 
switch, and the voltage of the clamp capacitor increased the boost ratio. Study [7] proposed a new 45 
non-isolated stepper DC/DC converter in which the voltage stress of the switch and diode of the 46 
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converter was small. The active-passive inductor unit was used to expand the topology. The parallel 47 
charging and series discharging of inductors gave the converter higher voltage gain. Study [8] 48 
proposed a diode-rectified quasi-Z source (BTL-DRqZ) DC/DC converter with a low voltage stress 49 
that achieved zero current effect when turned on or turned off”. It showed a wide range of voltage 50 
gain while using synchronous rectification technology to reduce the losses of the quasi-Z source 51 
circuit. Study [9] proposed a new DC/DC converter that did not use electrolytic capacitors, which 52 
reduced the resonance between the parasitic inductance and the parasitic capacitance of the 53 
switching tube. The coupling inductance showed small leakage inductance and high conversion 54 
efficiency. Study [10] proposed a new type of current-fed dual-active bridge DC/DC converter that 55 
could be applied to photovoltaic energy storage systems. The converter realized a soft switching 56 
function and had the advantages of wide input voltage range, high boost ratio, and small input 57 
current ripple. Study [11] proposed a novel and efficient DC/DC converter for photovoltaic energy 58 
storage systems. The converter had no switching loss and realized zero-current switching and 59 
zero-voltage switching with a single switch, which is highly efficient. Study [12] proposed a 60 
high-performance quasi-Z source DC/DC converter that could be used in photovoltaic systems. The 61 
converter guaranteed a 400 V ripple-free output within a range of 6 times the input voltage (10–60 62 
V), which is highly efficient. In [13], a non-isolated high-power DC/DC converter with a voltage 63 
multiplier was proposed. In order to obtain a higher voltage gain and efficiency, the converter used 64 
three interleaved coupling inductors and three voltage multipliers, each of which consisted of a 65 
secondary winding of the coupling inductor, two diodes, and two charging capacitors. Study [14] 66 
proposed a novel zero-current switching current-fed half-bridge DC/DC converter that solved the 67 
problem of turn-off voltage spikes with no additional active clamp or snubber circuit. This converter 68 
had low cost and high conversion efficiency. Study [15] proposed a high efficiency DC/DC converter 69 
for photovoltaic systems. The converter consisted of an active resonant clamp circuit and a harmonic 70 
voltage multiplier. The active clamp circuit limited the voltage stress and enabled the switching 71 
device to achieve the effect of soft switching. A resonant voltage multiplier was used on the reverse 72 
side of the transformer to eliminate the reverse recovery of the output diode. Study [16] proposed a 73 
soft-switching high-order DC/DC converter. The converter used a dual-coupled inductor and a 74 
shared input current structure. It had high voltage gain and high efficiency. The coupling inductor 75 
used a small magnetized inductor to reduce the current ripple at the input end. Study [17] proposed 76 
a single-switch boost DC/DC converter with a diode-capacitor module. The converter used a power 77 
switch and a small amount of inductance and capacitance. It achieved a wide range of voltage gain 78 
and high efficiency with a simple topology. In this structure, two capacitors were charged in parallel 79 
and discharged in series. In [18], a high gain, non-isolated soft-switching DC/DC converter was 80 
proposed. The auxiliary switch of the converter was connected with the output port to act as an 81 
active clamp circuit, thus realizing zero-current switching and improving the efficiency of the 82 
converter. 83 

In summary, the research on DC/DC converter topology has mainly focused on improving the 84 
efficiency, stability, and reliability of the converter while completing the high boost ratio function. In 85 
the practical application of photovoltaic energy storage systems, we should also consider reducing 86 
device stress, output current, and output voltage ripple to improve the reliability of the converter 87 
[19]. In this paper, a four-phase interleaved DC/DC converter is proposed for a photovoltaic energy 88 
storage system to solve the problem of power conversion between the photovoltaic power 89 
generation system and the DC bus. The converter has the characteristics of high boost ratio, low 90 
output voltage ripple, low power device stress, and high efficiency. 91 

2. Analysis of topology of photovoltaic energy storage system and DC/DC converter 92 
The structure of the photovoltaic energy storage system presented in this paper is shown in 93 

Figure 1. The photovoltaic array is connected to the DC bus through a four-phase interleaved boost 94 
converter to realize the functions of boost, voltage stabilization, and maximum power point 95 
tracking. In order to simplify the analysis, the load determines resistance, and the switching of 96 
resistance is used to simulate the power fluctuation in the load. 97 
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Figure 1 Photovoltaic energy storage system 100 

The four-phase interleaved boost converter consists of four power switches: Q1, Q2, Q3, Q4; 101 
four energy storage inductors: L1, L2, L3, L4; two diodes: D1, D2; and two output capacitors: C1 and 102 
C2, as shown in Figure 2. The topology uses a four-phase interleaving technique. The phase of each 103 
phase circuit differs by 90 electrical degrees, which increases the output current frequency by a 104 
factor of four and reduces the ripple after superposition. Moreover, the converter has a relatively 105 
high boost, which meets the basic requirements of a DC/DC converter for a photovoltaic energy 106 
storage system. 107 
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Figure 2 Four-phase interleaved step-up DC/DC converter 110 

Assuming that each device in Figure 2 is an ideal component, the parameters of each inductor 111 
and the switch are the same, and the four switches correspond to different states when turned on 112 
(ON) or turned off (OFF). 113 

Taking the switch tube Q1 as an example for analysis, when the switch tube is in the ON state, 114 
the circuit operation mode is as shown in Figure 3. 115 
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 116 
  117 

Figure 3 Working mode when Q1 is turned on 118 

There are five loops in the circuit. The power source, Uin, the switch tube, Q1, and the inductor, 119 
L1, form a loop for charging inductor L1. The other three inductors, L2, L3, and L4, form three loops 120 
with power source Uin and the two capacitors C1 and C2 through the three diodes D2, D3, and D4 of 121 
the branch. The last loop is formed by power source Uin, capacitors C1 and C2, and the load, R. 122 
Capacitors C1 and C2 supply energy to the load according to the relationship shown in equation (1). 123 

  in o 1 2= C CU U U U                         （1） 124 
Ignoring the turn-on voltage drop of the MOSFET, we assume the direction of the voltage and 125 

current is the reference current direction. In one cycle, TS, the on-time of the switching transistor Q1 126 
is D×TS, where D is the duty ratio of the Pulse Width Modulation (PWM) wave. At this time, if the 127 
current of inductor L1 is IL, the energy absorbed by inductor L1 is as shown in equation (2). 128 

inL L SW U I D T                         （2） 129 
When the switch Q1 is in the OFF state, the circuit working mode is as shown in Figure 4. 130 
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Figure 4 Working mode when Q1 is turned off 132 

The input power Uin and inductor L1 are connected in series to charge capacitor C1 through 133 
diode D1, forming the first circuit. The other three inductors, L2, L3, and L4, form three loops with 134 
the power supply through the three switching tubes Q2, Q3, and Q4, respectively. Capacitors C1 and 135 
C2 provide energy to the load to form the last loop, and their relationship is shown by equation (1). 136 
At this time, the energy released by inductor L1 is as shown in equation (3). 137 
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    1L L SW U E I D T     ，

                 （3） 138 
The energy absorbed and released by inductors L2, L3, and L4 controlled by the other three 139 

switches, Q2, Q3, and Q4, is the same as that of inductor L1. According to the law of energy 140 
conservation, the energy absorbed and released by the inductor in a PWM cycle is equal to: 141 

      L LW W ，

                          （4） 142 
After simplification, the relationship between input voltage Uin and voltage UC1 on capacitor C1 143 

in the four-phase staggered boost DC/DC converter can be obtained under ideal conditions: 144 

 
1 in

1=
1CU U

D                         （5） 145 
Substituting equation (1) into equation (5), the voltage gain of the boost converter can be 146 

obtained as: 147 

d
1
1

DG
D




                          （6） 148 
Figure 5 shows the relationship between the boost ratio of the four-phase interleaved step-up 149 

DC/DC converter and the MOSFET duty cycle. 150 

 151 

Figure 5 Relation between boost ratio of converter and duty cycle of MOSFET 152 

3. Working mode of four-phase interleaved DC/DC converter 153 

In order to further analyze the working mode of the four-phase interleaved step-up DC/DC 154 
converter, this paper establishes the state equation. The effects of inductor current ripple and 155 
capacitor voltage fluctuations on the circuit are ignored when establishing the equation of state. 156 
Figure 6 is the waveform of the four-phase staggered boost DC/DC converter during the working 157 
process, in which the phase difference between the driving signals of the four power switches is 90 158 
electrical degrees. 159 
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 160 

Figure 6 Working waveform of four-phase interleaved boost converter 161 

When switch Q1 is turned on, diode D1 is in the reverse turned-off state. The voltage of 162 
inductor L1 is the input voltage, Uin; the inductor current increases linearly, and the voltage of 163 
capacitor C1  decreases. The change in current in this state is expressed as: 164 

 165 

 
1

1
L

in
dIL U
dt


                           （7） 166 

The voltage change of capacitor C1 is expressed as: 167 

1
1

C OdU UC
dt R

 
                           （8） 168 

We substitute equation (1) into equation (8) to obtain: 169 

1 1
1

2C C indU U UC
dt R R

  
                           （9） 170 

From equation (7) and equation (9), we obtain the equation of state for this stage as follows: 171 

1

11

11
1

1

1
0 0

20 1

L

L
in

CC

dI
LIdt U

UdU
RC

RCdt

                                              （10） 172 
When switch Q1 is turned off, diode D1 is turned on, and inductor L1 is connected in series 173 

with input power source Uin to supply power to the load. The current, IL1, of inductor L1 decreases 174 
linearly, and the voltage, UC1, of capacitor C1 rises due to energy supplementation. The change in the 175 
inductance current at this stage should be expressed as follows: 176 

 
1

1 1
L

in C
dIL U U
dt

 
                       （11） 177 

The voltage equation of capacitor C1 is as follows: 178 
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1
1 12C O

L
dU UC I
dt R

 
                      （12） 179 

Substituting equation (1) into equation (12), we obtain: 180 

 
1 1

1 1
22C C in

L
dU U UC I
dt R R

  
                  （13） 181 

From equation (11) and equation (13), we obtain the equation of state for this stage as follows: 182 

1

1 11

11

1 1 1

1 10

2 2 1

L

L
in

CC

dI
L LIdt U

UdU
C RC RCdt

                                               （14） 183 
In order to evaluate the performance of the four-phase staggered DC/DC converter, this study 184 

compares it with the boost converter commonly used in photovoltaic energy storage systems [20]. 185 
First, the boost ratio of the boost circuit is 1/1-D, and the output capacitor is subjected to the output 186 
voltage Uo. The four-phase interleaved boost converter has a boost ratio of 1+D/1-D, and its output 187 
capacitor is subjected to (Uin+Uo)/2, which facilitates component selection and cost reduction. 188 
Second, the inductor current of the traditional boost circuit is the input current Iin. In this study, 189 
four-phase interleaving technology is adopted to reduce the inductor current of each phase circuit to 190 
(Iin+Io)/4, the frequency of the inductor current becomes four times that of the inductor current of 191 
traditional boost converter, and the ripple after superposition will be correspondingly reduced. 192 

For boost circuits, the slopes of the inductance current rise (angle u) and fall (angle d) as 193 
follows: 194 

                          inL

u

UdI
dt L

   
 

                              （15） 195 

                          in CL

d

U UdI
dt L

   
 

                            （16） 196 

 197 
Therefore, if swf  is the switching frequency, the inductor current ripple of the boost circuit is: 198 

 

in
L

sw

D UI
L f


 
                              （17） 199 

For a four-phase interleaved boost converter, the total current ripple is: 200 

                

 

2

4 2

1 4 , 0 D 0.25;
1

0.5 3 4 , 0.25 0.5;
1

1.5 5 4 , 0.5 0.75;
1
4 3 , 0.75 1.

L

L

L

L

D I
D

D D I D
D D

I
D D I D

D D
D I D
D

      
          
        


     

              （18） 201 

4. Experimental result verification 202 
In order to verify the effectiveness of the proposed four-phase interleaved DC/DC boost 203 

converter in photovoltaic energy storage systems, an experimental prototype as shown in Figure 6 204 
was designed. The experimental prototype design indicators were: an input voltage of 20 V, a rated 205 
output voltage of 100 V, a rated output power of 100 W, and a switching frequency of 20 kHz. 206 
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According to the above indexes, the corresponding parameters of the selected device are 207 
determined. 208 

The calculation formulas of inductors L1, L2, L3, and L4 are: 209 

                in
1 2 3 4 2 IN

U DL L L L
I f


   
                    

（19） 210 

INI  is the input current fluctuation and  it takes the value of 20% of the average current. 211 
Substituting the experimental prototype design indicator into equation (19), after calculation, 212 
L1=L2=L3=L4=0.35 mH. 213 

The calculation formula of capacitors C1 and C2 is: 214 

                         
1 2

outI DC C
U f


 
                             

（20） 215 

ΔU is the output voltage fluctuation and  it takes the value of 1% of the output voltage. 216 
Substituting the experimental prototype design indicator into equation (20), after calculation, two 217 
electrolytic capacitors with a capacitance of 47 μF and a withstanding voltage of 400 V were selected. 218 

After analysis and calculation, the voltage of the switch tube was found to be (Uin-Uo)/2=60 V. 219 
Considering a two- to three-fold margin, a model IRF640N power MOSFET was selected as the 220 
switching transistor. The maximum on-current was 18 A and the maximum withstanding voltage 221 
was 200 V. The reverse voltage drop of the diode was UC1-Uin and the output current was 1 A. 222 
Considering a two- to three-fold margin, a model DFE10I600PM diode was selected. This model can 223 
withstand the maximum reverse voltage of 600 V, the conduction current of 10 A, and the maximum 224 
forward voltage drop of 1.5 A. 225 

 226 
Figure 6 Designed power module prototype 227 

In order to verify the feasibility of the proposed four-phase interleaved boost converter in 228 
photovoltaic energy storage system, this study compares it with the boost converter commonly used 229 
in current PV energy storage systems. 230 

To compare boost ratios between the four-phase interleaved boost converter and the traditional 231 
boost converter, the actual boost ratios of the four-phase interleaved boost converter and the 232 
traditional boost converter were tested. The driving signal of the former switching tube is four PWM 233 
waves, and each phase differs by 90 electrical degrees. The comparison curve of the two boost ratios 234 
at the same duty ratio after the test is shown in Figure 7. 235 
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 236 

Figure 7 Comparison curve of actual boost ratio of two converters 237 

As can be seen from Figure 7, when the duty cycle is approximately 0.2, the actual boost ratio of 238 
the Boost converter is 1.25 times. The actual boost ratio of the four-phase interleaved DC/DC 239 
converter is 1.5 times, which is 1.2 times that of the traditional boost converter. With the increase in 240 
duty ratio, the gap between the four-phase staggered DC/DC converter and the traditional boost 241 
converter becomes increasingly obvious. When the duty ratio is 0.8, the boost ratio of the four-phase 242 
interleaved DC/DC converter is 2.24 times that of the traditional boost converter. Figure 8 shows that 243 
the increasing degree of boost ratio of the four-phase interleaved DC/DC converter is greater than 244 
the traditional boost converter in the duty cycle range from 0.2 to 0.8. 245 

 246 

Figure 8 Increasing degree of boost ratio of the four-phase interleaved DC/DC converter is greater 247 
than the traditional boost converter 248 

As shown in Figure 8, when duty cycle D equals 0.8, the maximum increase degree is 124.3%. 249 
When duty cycle D equals 0.2, the minimum increase is 25%. Compared with the traditional boost 250 
converter, the four-phase interleaved DC/DC converter has a wider range and higher gain than the 251 
traditional boost converter ; therefore, it is more suitable for the application of photovoltaic power 252 
output in photovoltaic energy storage system. 253 
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To compare the output voltage ripple of the four-phase interleaved DC/DC converter and the 254 
traditional boost converter, we set the input voltage to 6 V and the output voltage to 20 V in a closed 255 
loop test of the PID control algorithm. The output voltage waveforms of the two converters were 256 
obtained as shown in Figure 9. As can be seen from Figure 9, the ripple coefficient of the output 257 
voltage of the traditional boost converter is 0.015, while that of the four-phase interleaved DC/DC 258 
converter is 0.0075. Compared with the traditional boost converter, output voltage ripple of the 259 
four-phase interleaved DC/DC converter is superior. 260 

         261 

   a)  Traditional boost converter   b) Four-phase interleaved DC/DC converter 262 

Figure 8 Output voltage ripple of two converters 263 

In order to further demonstrate the advantages of the four-phase interleaved DC/DC converter 264 
in photovoltaic energy storage system applications, the input voltage was set to 24 V and the load 265 
was set to 100. The efficiency of the four-phase interleaved DC/DC converter and the traditional 266 
boost converter were tested separately. Because the traditional boost converter has a duty ratio of 0.2 267 
to 0.8, the output voltage varies from 30 V to 85 V. The output voltage range of the four-phase 268 
interleaved DC/DC converter varies from 30 V to 120 V. The efficiency comparison of the two 269 
DC/DC converters is shown in Figure 10. 270 

 271 
Figure 10 Comparison of efficiency between two types of boost converters 272 
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It can be seen from Figure 10 that when the output load is constant, the loss in the boost 273 
converter is related to the inductor current and duty cycle when the switching frequency is 274 
determined. The higher the output voltage, the larger the inductor current and duty cycle, resulting 275 
in higher inductance losses and on-state losses of the switching device, which reduces system 276 
efficiency. Therefore, the four-phase interleaved DC/DC converter has an efficiency of 95.37% at an 277 
output voltage of 30 V, and the lowest efficiency is 87.38% at an  output voltage is 120 V. The boost 278 
converter has an efficiency of 92.8% at an output voltage of 30 V, and an efficiency of 65.1% at an 279 
output voltage of 85 V. In addition, regardless of the output voltage, the efficiency of the four-phase 280 
interleaved DC/DC converter is higher than that of the boost converter. Moreover, the higher the 281 
output voltage, the more obvious the efficiency advantage. 282 

In this paper, the efficiency of the four-phase interleaved DC/DC converter and boost converter 283 
is tested under the condition of constant output voltage and different loads. Setting the output 284 
voltage to 50 V, and beginning with a load of 50 Ω, the efficiency of the two converters was tested 285 
every 5 Ω until the load reached 100 Ω. The comparison results are shown in Figure 11. 286 

 287 
Figure 10 Efficiency corresponding to different loads when the output voltage is 50 V 288 

As can be seen from Figure 11, when the output voltage is 50 V, increasing the load reduces the 289 
inductance loss and the switch-on loss, because the circuit loss is related to the on-current and the 290 
on-time, and the greater the duty cycle and on-current, the greater the on-state loss of the switching 291 
transistor. Therefore, the efficiency of quad-phase interleaved DC/DC converters and boost 292 
converters increases by varying degrees with increases in the load. When the load is 50 Ω, the lowest 293 
efficiency is 90.16%, and when the load is 50 Ω, the highest efficiency is 93.59%. The traditional boost 294 
circuit has a maximum efficiency of 84.9% and a minimum efficiency of 80%. The efficiency of the 295 
four-phase interleaving DC/DC converter is much higher than that of the boost converter under the 296 
same load. 297 

5. Conclusion 298 

Considering the requirements of wide gain range, high boost ratio, and small output voltage 299 
ripple in a DC/DC converter for photovoltaic energy storage system, a four-phase interleaved 300 
DC/DC converter was proposed for a photovoltaic energy storage system. Based on the analysis of 301 
the working principle of DC/DC converters, an experimental prototype was designed. A 302 
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comparative study was carried out with the boost converter commonly used in photovoltaic energy 303 
storage systems. 304 

1. Considering the boost ratio, switching tube stress, and output capacitor with standing 305 
voltage, the four-phase interleaved DC/DC converter showed obvious advantages over the 306 
boost circuit. The four-phase interleaved DC/DC converter adopted interleaving technology, 307 
which greatly reduced the output current ripple and output voltage. 308 

2. Comparison of the integrated boost ratio, output voltage ripple, and system efficiency 309 
showed that four-phase staggered DC/DC converters are more efficient than traditional 310 
boost converters regardless of output voltage and load, and when the load is constant, the 311 
larger the output voltage, the more obvious the advantage of the four-phase interleaved 312 
DC/DC converter in terms of efficiency. 313 
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