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Abstract: This paper proposes a grid-connected single-phase micro-inverter (MI) with a 

rated power of 300 W and an appropriate control strategy for photovoltaic (PV) systems. 

The proposed MI is designed based on a two-stage topology. The first stage consists of a 

SEPIC DC-DC converter with high voltage gain to step up the voltage of the PV panel and 

harness the maximum power, while the second stage includes a full-bridge DC-AC 

converter. The advantages of the proposed MI are the use of fewer components to provide 

suitable output voltage level for connection to a single-phase grid, continuous input current, 

limited voltage stress on the switch, high efficiency, long operational lifetime, and high 

reliability. Lower input current ripple and the presence of film capacitors in the power 

decoupling circuit increase the lifetime and reliability of the proposed MI. In the proposed 

MI, the active power decoupling circuit, which is normally used in a typical single-stage 

SEPIC-based MI, is eliminated to achieve both a long lifetime and high efficiency. The 

operating principles of the proposed MI are analyzed under different conditions. The results 

of design and simulation confirm the advantages and proper performance of the proposed 

MI. 
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1 Introduction1 

OLAR energy systems are promising renewable 

energy sources due to their ability to generate 

electricity from sunlight in a completely clean and 

reliable way [1]. Renewable energy sources such as 

photovoltaic (PV) systems have attracted more attention 

in recent years. In general, the configuration of solar 

inverters in grid-connected PV systems are categorized 

into three common groups based on their location 

concerning solar modules, as follows: a) centralized 

inverter topologies, b) string topologies, and c) PV-
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module-integrated AC inverters also known as micro-

inverters [2]. 

   In the past, a central inverter was generally used in PV 

systems to cover all modules; this technique was cost-

effective. However, this type of system had a serious 

drawback, which could drastically degrade the 

performance of all solar modules as well as cause other 

problems when the solar modules were operated under 

shading conditions [3]. The inverter that is used in an 

AC module is called a micro-inverter (MI) because it is 

usually a low-power inverter . MIs are usually placed 

behind PV modules and their typical power is in the 

range of 100-300 W [4]. Compared to centralized and 

string PV systems, PV-module-integrated AC inverters 

have gained more attention due to their advantages, 

such as receiving maximum power from the solar panel, 

higher safety compared to other topologies, easy 

development, operating independently of the modules, 

and low cost in large volume production [4-7]. MIs have 

many advantages, while there are still many challenges 

that must be addressed. These challenges correspond to 
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1) achieving high efficiency, 2) improving system 

lifetime and reliability, 3) providing adequate output 

voltage level for grid-connected operation, 4) the 

number of the used switches, and 5) the quality of 

power injected into the grid [2, 5, 8]. 

   Therefore, the disadvantage of MIs compared to 

centralized PV systems is low efficiency, which reduces 

the competitiveness of AC modules. Thus, improving 

the efficiency of MIs is an important research area [9]. 

The operational lifetime of PV panels is typically about 

25 years. Hence, another important challenge facing 

MIs is to meet the operational lifetime of PV panels. 

The input-side power generated by a PV panel is 

constant in steady-state. However, grid-side power is 

determined by the grid current and voltage, which have 

very large instantaneous oscillation amplitudes. 

Therefore, there is a power difference between the DC 

input-side and AC grid-side in an MI. To balance this 

power difference, a capacitor has to be used, but an 

electrolytic capacitor reduces the lifetime of the 

MI [10]. A high-capacity electrolytic capacitor is 

usually used as a power decoupling element in parallel 

with the PV panel to control the power ripple between 

the input and output terminals of a single-phase system. 

However, electrolytic capacitors are temperature-

sensitive and cannot meet the reliability and lifetime 

requirements of grid-connected MIs. The lifetime of 

electrolytic capacitors is typically in the range of 1000-

7000 hours at an operating temperature of 105 °C [11]. 

Although a film capacitor has a smaller capacitance than 

an electrolytic capacitor with the same dimensions, it 

has a longer lifetime Therefore, to increase the 

reliability and lifetime of MIs, film capacitors should be 

replaced by electrolytic ones [2]. The topologies of MIs 

are divided into two categories of single-stage and two-

stage [4]. In single-stage topologies, power is decoupled 

using electrolytic capacitors in parallel with the PV 

panel [12, 13] or active power decoupling 

circuits (APDCs) [2], [14-16]. In MIs, additional 

APDCs are employed to enable the use of film 

capacitors, and consequently, to increase the lifetime 

and reliability of MIs. However, APDCs increase the 

cost, complexity, and power losses as well as reduce the 

efficiency of MIs [4]. In [12], a single-stage grid-

connected MI with a rated power of 100 W is presented 

for PV systems. The proposed MI has some desirable 

specifications, such as low switching loss, high voltage 

gain, and fewer switches, which make it suitable for PV 

systems. The efficiency of the proposed MI is 93.6% at 

rated power, but the presence of a 4000-µF electrolytic 

capacitor in parallel with the PV panel leads to a shorter 

lifetime and less reliability. Reference [13] proposes a 

zeta converter with a rated power of 220 W. The most 

distinctive feature of the MI proposed in this reference 

is that it can operate in continuous conduction 

mode (CCM) in a wide load range, which leads to 93% 

efficiency at rated power and low current stress. 

However, the disadvantage of this converter is the use 

of 18800-µF electrolytic capacitors for power 

decoupling, which reduces the MI lifetime. In [14], a 

flyback topology with an APDC and a rated power of 

100 W is used to increase MI lifetime by replacing the 

electrolytic capacitors with film capacitors. However, 

the efficiency of this design is 89% at rated power. A 

three-port single-stage converter with a rated power of 

100 W is introduced in [15] to connect PV panels to a 

single-phase power system. To control the input-output 

power difference, an APDC is used in the MI. 

Moreover, high-capacity electrolytic capacitors, which 

limit system reliability, are replaced by thin-film 

capacitors with limited capacity and long lifetime. 

However, the efficiency reaches 88.9% at rated power. 

A single-stage MI with high MPPT efficiency and a 

rated power of 240 W is proposed in [16]. In this 

reference, an APDC is employed to enable the use of 

long lifetime film capacitors, but the efficiency of the 

proposed MI is less than 90%. In [2], a single-stage MI 

with a rated power of 100 W is introduced based on a 

single-ended primary inductance converter (SEPIC) 

with an APDC. The MI introduced in this reference has 

better reliability and a longer lifetime due to using film 

capacitors instead of electrolytic capacitors, while its 

efficiency is 90% at rated power. APDCs allow using 

film capacitors to increase the lifetime, while the 

efficiency is not high. Hence, APDC should be 

eliminated to achieve high efficiency along with a long 

lifetime. Accordingly, in the present study, the single-

stage topology in [2] is converted into a two-stage 

topology. The purpose of this paper is to present a high-

efficiency grid-connected MI with a few switches and 

components. The proposed MI uses a suitable control 

strategy, long-lifetime high-reliability film capacitors 

for power decoupling without needing an additional 

APDC, high efficiency, and continuous input current as 

well as imposing low voltage stress on switches. The 

remainder of this paper is structured as follows. The 

configuration and operating principles of the proposed 

MI are presented in Section 2. The design details of the 

MI components are expressed in Section 3. The 

efficiency and losses of the proposed MI are analyzed, 

and the control system is introduced in Sections 4 and 5, 

respectively. The simulation results and concluding 

remarks are presented in Sections 6 and 7, respectively. 

 

2 Proposed MI Topology 

   In the present study, the design of the proposed MI is 

based on a two-stage topology with a rated power of 

300 W. Two-stage topologies are very commonly used 

in grid-connected MIs for industrial applications. The 

output capacitor of the DC/DC converter balances the 

power difference between the DC input-side and AC 

grid-side to mitigate voltage fluctuations. Moreover, this 

capacitor acts as a passive power decoupling element in 

the DC-link. The overall structure of the proposed MI is 

shown in Fig. 1. 



A Two-Stage Grid-Connected Single-Phase SEPIC-based Micro- 

 
… S. Saeedinia et al. 

 

Iranian Journal of Electrical and Electronic Engineering, Vol. 18, No. 2, 2022 3 

 

   By eliminating APDC and using a two-stage topology 

to achieve high efficiency, a SEPIC DC-DC converter 

with high voltage gain and high efficiency should be 

designed for the first stage of the MI. Then, a low-

capacity film capacitor is installed at the DC-link to 

decouple power without requiring any additional circuit. 

The film capacitor can increase the lifetime of the MI. 

Furthermore, a single-phase full-bridge DC-AC 

converter with an LC filter is used in the second stage to 

realize a single-phase grid-connected PV MI. In two-

stage MIs, voltage increasing by series connection of 

PV panels has limitations due to shading power losses. 

Therefore, DC-DC converters with high voltage gain 

should be used at the output terminal of the panels to 

boost the input voltage of the panels into the required 

voltage (200-400 V), which is necessary for the DC-AC 

converter in the second stage [17]. Hence, a high 

voltage gain SEPIC DC-DC converter has to be 

designed. If a conventional DC-DC boost converter is 

used for an MI, it must have a very high duty ratio. This 

issue leads to large peak currents, conduction losses, 

switching losses of electric power components in the 

converter, and reduction in efficiency [3]. Therefore, a 

conventional boost converter cannot be used to achieve 

the output voltage required for the DC-link and the 

inverter input, and this is an important challenge for the 

efficiency of two-stage MIs. The two-stage topology of 

MI requires more active and passive components, 

leading to a reduction in performance, and an increase 

in volume and weight [8]. Therefore, to increase the 

efficiency, fewer components have to be used in the MI 

design along with a high voltage gain SEPIC DC-DC 

converter at a minimum duty ratio. Moreover, it is 

essential to limit the voltage stress on the switch of the 

SEPIC DC-DC converter to increase the efficiency of 

the proposed two-stage MI. High voltage gain should be 

achieved with limited voltage stress on the switch. 

Therefore, a low-voltage MOSFET with a small on-state 

resistance Rds(on) is used as the main switch to reduce 

both switching and conduction losses [18]. To increase 

the lifetime of MIs, their input current ripple must be 

continuous besides using film capacitors for power 

decoupling. The high input current ripple significantly 

reduces the MI lifetime [19]. Moreover, a continuous 

input current facilitates the maximum power point 

tracking (MPPT) in PV panels [20]. The first stage of 

the proposed MI includes a SEPIC DC-DC 

converter [18], which provides a proper voltage gain for 

the MI by using a coupled inductor with a well-adjusted 

turns ratio and a limited number of components. 

Voltage gain increases by adjusting the turns ratio of the 

coupled inductor at a low duty ratio, and there is no 

overvoltage on the switch during the turn-off process. 

Hence, a low-voltage MOSFET with low Rds(on) can be 

used as the switching element, while there is no need for 

an additional clamp circuit, which reduces the efficiency 

of the converter. The proposed MI has a long lifetime 

due to the power decoupling film capacitors and 

continuous input current ripple. 

 

2.1 Operating Principles and Steady-State Analysis 

of MI 

   This section describes the operating principles of the 

proposed MI and its steady-state analysis. Fig. 2 shows 

the proposed SEPIC-based MI. The first stage of this MI 

includes a SEPIC DC-DC converter with a coupled 

inductor structure and a small number of components at 

a rated power of 300 W. 

   According to Fig. 2, the SEPIC-based MI topology 

consists of five switches S1–S5, two diodes (D1 and D2), 

three capacitors Cin, C1, and Cdc, as well as a coupled 

inductor and an LC output filter. The MI can operate in 

continuous conduction mode (CCM). A capacitor is 

connected in series with the secondary winding to 

prevent the flow of DC current, and thus, the saturation 

caused by the DC current. To further analyze the 

operation of the MI, the following assumptions are 

made: 1) switches and diodes of the MI are ideal, so 

Rds(on) of the switches and voltage drop across the diodes 

are negligible, 2) all capacitors are large enough, so the 

voltage ripple in them is small, and 3) the leakage 

inductance of the coupled inductor is negligible. 

Moreover, the coupled inductor, which is in parallel 

with the primary winding, is considered as an ideal 

transformer with the turns ratio a = N1:N2 and 

magnetizing inductance Lm. 

 

 

 
Fig. 1 Overall structure of the proposed MI. Fig. 2 Proposed SEPIC-based MI. 
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Fig. 3 Operating mode 1 of the coupled-inductor-based SEPIC 
 

DC-DC converter. 

Fig. 4 Operating mode 2 of the coupled-inductor-based SEPIC 
 

DC-DC converter. 
 

   These assumptions are used in the following to 

discuss the operating principles of the first stage of the 

proposed MI. Each switching cycle of the DC-DC 

converter is divided into two operating modes as shown 

in Figs. 3 and 4. 

   In operating mode 1 (Fig. 3) switch S5 is turned on, 

and the voltage across Lm is equal to the input voltage. 

Moreover, in this mode, D1 is on, D2 is off, and C1 

supplies energy to the load, which is connected to the 

output capacitor C2. Therefore, 
 

 1 1modeLm inV V VN   (1) 

 

By applying Kirchhoff’s voltage law (KVL) to the 

secondary winding, one obtains. 
 

1

2
;

1
o in

N
V VC nV n

N
    (2) 

 

   In operating mode 2, S5 is turned off, so D2 is on and 

provides a path for the magnetizing current. During 

operation mode 2, D1 is off and the output capacitor C2 

supplies the required energy to the load. The KVL based 

on Fig. 4 gives the voltage across Lm as follows: 
 

 

Lm 1 Lm in

in 1

Lm 2

nV VC V V 0

V VC
V mode

1 n

    


 



 
 
 

(3) 

 

   According to the voltage balance of Lm, the voltage of 

capacitor C1 can be calculated as follows: 
 

 
1

1
.

1
in

nD
VC V

D





 (4) 

 

By inserting (4) into (2), the output voltage can be 

obtained as follows: 
 

1
.

1
o in

n
V V

D





 (5) 

 

Using (5), the voltage gain of the first stage of MI is 

given by: 
 

1

1

o

in

V n
G

V D


 


 (6) 

   Therefore, the output voltage is a function of the turns 

ratio (n) and the duty cycle (D). By applying KVL, as 

shown in Fig. 4, the voltage stress on S5 is given by: 
 

5s in LmV V V   (7) 
 

By inserting (3) into (7), one obtains 
 

5 1 1

in o

s

V V
V

D n
 

 
 (8) 

 

   Comparing (5) and (8) show that the voltage stress on 

switch S5 is always less than the output voltage for each 

n. Similarly, the voltage across the diodes can be 

calculated using the following equations. 
 

1(mode2) .
1

D in

n
V V

D



 (9) 

1(mode1) 0DV   (10) 

2(mode1)

1
.

1
D O in

n
V V V

D


 


 (11) 

2(mode 2) 0DV   (12) 
 

   The maximum currents through diodes D1 and D2 can 

be determined by (13) and (14). 
 

1

o

D

I
I

D
  (13) 

2 1

o

D

I
I

D



 (14) 

 

By applying KCL to Fig. 3, the current of S5 is obtained 

as follows: 
 

5 1S LmI I IN   (15) 

 

   Since the average primary and secondary side currents 

of the coupled inductor are zero, the average current of 

S5 is equal to: 
 

5 5

1
.

1
s in o s o

Dn
I I n I I I

D


   


 (16) 

 

   Moreover, the maximum current through switch S5 

can be calculated using (17): 
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5max

1
.

.(1 )
S o

Dn
I I

D D





 (17) 

 

3 Calculating Design Parameters of MI 

   The main design equations of the proposed MI are 

presented in this section. These equations are validated 

using the simulation results in Section 6. 

   First, the parameter values of the proposed MI are 

determined using the following considerations: 

1) The input voltage varies between 20 and 40 V at a 

rated value of 30 V. 

2) Assuming a voltage gain of 10 and a rated power of 

300 W for the MI, the output voltage of the DC-DC 

converter is fixed at 300 V. 

3) The switching frequency of the DC-DC converter is 

100 kHz. 

4) The MI operates in CCM. 

5) The voltage stress on the switch has to be less than 

the allowable voltage for the corresponding switch. 

6) The voltage ripple across capacitors has to be 1% less 

than their voltage rating. 

 

3.1 Coupled-Inductor Turns Ratio 

   In (18), the coupled-inductor turns ratio is given as 

follows: 
 

5

5

o s

s

V V
n

V


  (18) 

 

According to (18), to achieve a voltage stress of 60 volts 

across switch S5, the turns ratio (n) has to be equal to or 

greater than 4. Therefore, n = 4 is considered. 

   The minimum magnetizing inductance for the MI in 

CCM operation can be calculated as follows: 
 

2

2

.(1 ) .

2. . .(1 )

o

m

S o

D D V
L

f I n





 (19) 

 

   To achieve proper performance in CCM operation at 

the half output load and maximum input voltage, the 

minimum magnetizing inductance has to be equal to 

17.77 µH according to (19). 

 

3.2 Duty Ratio Selection 

   Using (20), the duty ratio of MI is calculated as 

follows: 
 

 1 .  
1

in

o

n V
D

V


   (20) 

 

   The minimum and maximum values of the duty cycle 

can be determined in (21) and (22) by using (20). 
 

max

min

(1 ). 5 40
1 1 0.33

300

in

o

n V
D

V

 
      (21) 

min

max

(1 ). 5 20
1 1 0.667

300

in

o

n V
D

V

 
      (22) 

 

   Moreover, the value of the rated duty cycle (D) is 

equal to 0.5. 

 

3.3 Selecting Switches and Diodes 

   The maximum voltages across diodes D1 and D2 are 

given according to (23) and (24). 
 

1

4
. .30 240  V

1 0.5
D in

n
V V

D
  


 (23) 

2 300 VD dcV V   (24) 
 

Based on (25) and (26), the maximum current of diodes 

D1 and D2 are as follows: 
 

1max

min

3.03 Ao

D

I
I

D
   (25) 

2max

max

3 A
1

o

D

I
I

D
 


 (26) 

 

   Therefore, the part number of power diodes D1 and D2 

is C3D03060E with a DC blocking voltage of 600 V 

and a continuous forward current of 11 A. 

   The maximum current of S5 can be obtained 

using (27): 
 

max

5max

max max

1 .
. 16.5 A 

.(1 )
s o

D n
I I

D D


 


 (27) 

 

   The maximum voltage across S5 (main switch of the 

MI) can be obtained using (28): 
 

5

300
60

1 1 4

o

s

V
V

n
  

 
 (28) 

 

   Therefore, a power MOSFET FDMS86180 with VDS = 

100 V and ID = 151 A is selected. 
   Moreover, the maximum voltages across S1–S4 are 

equal to the DC link voltage. Therefore, a power 

MOSFET IXFX55N50 with VDS =500 V and ID = 50 A 

is selected. 
 

3.4 Selecting Capacitors 

   After calculating the voltage across C1 from (4), the 

minimum capacitance of C1 can be determined by (29), 

assuming a voltage ripple of 1%. 
 

1(min)

1
5.55 μF

. 100000.1.8

o

S Cdc

I
C

f V
  


 (29) 

 

   The capacitance of the DC-link capacitor in the MI 

can be obtained as follows: 
 

rms

. .
dc

dc dc

P
C

V V



 (30) 

 

where Prms is the output power value, Vdc is the DC-link 



A Two-Stage Grid-Connected Single-Phase SEPIC-based Micro- 

 
… S. Saeedinia et al. 

 

Iranian Journal of Electrical and Electronic Engineering, Vol. 18, No. 2, 2022 6 

 

average voltage, ΔVdc is the voltage ripple of the DC-

link, and ω is the angular frequency of the grid. After 

inserting the values, three parallel 100 µF film 

capacitors in the DC-link are determined. 

 

3.5 LC Filter Design 

   To connect the proposed MI to a single-phase grid, a 

second-order passive LC filter was used to suppress 

harmonics. The first step in designing the LC filter is to 

calculate the base impedance values Zb and the base 

capacitance Cb as follows: 
 

2

,rmsg

b

n

V
Z

P
  (31) 

2

,rms

1 1

. .2 . .2 .

n

b

b g b g g g

P
C

Z Z f V f  
    (32) 

 

   The second step corresponds to calculating the 

capacitance and inductance of the filter given by (33) 

and (34). 
 

2

,rms

0.05.
0.05.

.

n

f b

g g

P
C C

V 
   (33) 

,peak8. .

dc

f

sw L

V
L

f i



 (34) 

 

where ΔiL,peak is the inductor current ripple ranging from 

10% to 20% of the output current(Ig,peak). The value of 

Ig,peak can be calculated from (35). 
 

,peak

,rms

2. n

g

g

P
I

V
  (35) 

 

   The cut-off frequency (fc) of the low-pass filter is 

chosen so that the output THD is less than 5%. The 

value of fc is maintained at less than one-half of the 

inverter switching frequency. Then, after designing the 

filter, in the third step, the resonant frequency can be 

calculated to ensure that the third constraint on filter 

design is met [21, 22]. Consequently, the resonant 

frequency can be calculated from (36). 
 

1
10

2.

sw

g f

f fL C


     (36) 

 

   Finally, the values of inductance and capacitance of 

the filter were selected as Lf = 5 mH and Cf = 2 μF. 

 

4 Analyzing Power Loss and Efficiency of MI 

   The proposed MI with parasitic elements and internal 

resistance of the components is shown in Fig. 5. The 

resistances of the primary and secondary windings of 

the coupled inductors are denoted by rN1 and rN2, 

respectively; rD2 and rD1 are the internal resistances; 

VFD1 and VFD2 denote the forward voltage of the diodes. 

   The equivalent series resistance (ESR) of the capacitor 

and inductor of the filter are rcf and rLf; the input 

capacitor and DC link capacitor are denoted by rcin and 

rcdc, respectively. The ON-state resistance of MOSFET 

switches is represented by rs1-rs5. 

   The efficiency of the proposed MI can be calculated 

as follows: 
 

pv loss

pv

P P

P



  (37) 

 

   The total power loss and power efficiency of the 

proposed MI can be calculated as follows: 
 

 S D C L
loss loss loss loss lossP P P P P     (38) 

 

where S

loss
P , D

loss
P , C

loss
P , and L

loss
P  denote the power losses 

of switches, diodes, capacitors, and inductors, 

respectively. Power losses of switches include switching 

and conduction losses. Switching losses can be 

calculated by (39) according to [23] and [24]. 
 

 , 1
 

2

S switching
ds ds sw r flossP V I f t t   (39) 

 

where Vds is the drain-source voltage of the switch, Ids is 

current, fs is the switching frequency, and tr and tf can be 

calculated using the switch datasheet. Considering the 

on-state resistance, Rds(on), the conduction losses of the 

switches can be calculated as follows: 
 

 
, 2

,.S conduction
ds rmsloss ds on

P R I  (40) 

 

   Consequently, the total losses of the switches ( S

loss
P ) 

can be obtained as follows: 
 

, ,S switchingS S conduction
loss loss lossP P P   (41) 

 

Power losses of diodes are calculated as follows: 
 

   
2

rms avg
. .D

loss D fD D
P R I V I   (42) 

 

where ID(avg), Vf, ID(rms), and RD are, respectively, the 

average current, forward voltage drop, effective current, 

and resistance of the diodes. The conduction losses of 

capacitors and inductors can be calculated using the 

equivalent series resistance and effective current as 

follows: 
 

 
2

rms
.C

loss c C
P r I  (43) 

 
, 2

rms
.L ohmi

loss L L
P r I  (44) 

 

5 Proposed Control System of MI 

   The control system of the proposed grid-connected 

single-phase MI is based on the P-Q theory as shown in
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(a) 

 

(b) 
Fig. 5 Proposed MI with parasitic elements and internal resistance 

of components. (Rds5(on) = 3.2 mΩ, Rds1-4(on) = 80 mΩ, VFD1,2 = 1.5 

V, rD1,2 = 20 mΩ, rC = 15 mΩ, rL = 15 mΩ, rN1 = 24 mΩ, 
 

rN2 = 96 mΩ). 

Fig. 6 Control system of the proposed MI; a) MPPT control of 
 

MI and b) voltage and current control of MI. 

 

 

Fig. 7 INC algorithm based on switch duty ratio [25]. Fig. 8 P-V characteristic of PV panel. 

 

Fig. 6. The control system consists of two parts. Part (a) 

includes an MPPT control system of the proposed MI to 

extract maximum power from the PV panel. Part (b) 

includes the voltage and current control system of the 

proposed MI with the following purposes. DC-link 

voltage stabilization, low-THD sinusoidal current 

injection into the grid, and unity-power-factor control 

for active power injection into the grid. 

 

5.1 DC-DC Converter Control 

   The aim of the DC-DC converter control system is to 

maximize the power production from the solar panel 

connected to the proposed MI. The incremental 

conductance (INC) algorithm is used to track the 

maximum power point, as shown in Fig. 7 [25]. 

   The DC-DC converter control system is based on the 

duty ratio of the converter switch. The duty ratio of S5 is 

adjusted directly by the control system. The output 

power of the PV panel can be calculated as follows: 
 

.pv pv pvp V I  (45) 
 

   Moreover, according to the concept of incremental 

conductance: 
 

 . .pv pvpv pv pv

pv

pv pv pv

d I VdP V dI
I

dV dV dV
    (46) 

 

This equation is the basis of the INC algorithm shown 

on the (P-V) curve in Fig. 8. 

   In this algorithm, the present and previous values of 

voltage and current of the PV panel are used to calculate 

the values of dPpv and dVpv. According to this algorithm, 

if dPpv/dVpv = 0, the MPPT algorithm operates at 

maximum power point (MPP). If dPpv/dVpv > 0, then the 

operating point of the PV array is at the left of MPP on 
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the P-V curve (Fig. 8). Therefore, S5 must be increased 

to track MPP as shown in Fig. 7. 
 

.
0 0

pv pv pv pv pv

pv

pv pv pv pv

dP V dI dI I
I

dV dV dV V
        (47) 

 

   Similarly, if dPpv/dVpv < 0, the operating point of the 

PV array is at the right of MPP on the P-V curve, as 

shown in Fig. (8). Therefore, the duty ratio of S5 must 

be reduced to track the MPP as shown in Fig. 7. 
 

.
0 0

pv pv pv pv pv

pv

pv pv pv pv

dP V dI dI I
I

dV dV dV V
        (48) 

 

5.2 DC-AC Converter Control 

   The aim of the voltage and current control system of 

the proposed MI is to stabilize the DC-link voltage, 

inject low THD sinusoidal current into the grid, and 

control the active power injected into the grid at the 

unity power factor. The output of the bandpass filter 

(BPF) is the fundamental voltage component of the 

source at 50 Hz. The reference DC-link voltage is 

compared to the actual DC-link voltage and a 

proportional-integral (PI) controller with coefficients Kp 

= 0.09 and Ki = 1.8 is used to adjust the DC-link voltage 

at 300 V. The output of the PI controller can be 

calculated using (49). 
 

   * *. .p dc dc i dc dcU K V V K V V    
   (49) 

 

   To obtain sinusoidal current for the grid, first, the 

reference current is determined from the product of the 

outputs of PI controller and BPF using (50). Next, the 

result is compared with the actual current of the grid, 

and then, the unipolar voltage switching controlled 

sinusoidal pulse width modulation (SPWM) technique is 

used to produce the gate pulses of S1–S4 in the proposed 

MI, as shown in Fig. 9. 
 

*

1  s s i U V  (50) 

 

6 Simulation Results 

   The PV panel and the specifications of the proposed 

MI are shown in Tables 1 and 2, respectively. 

   The voltage stress on S5 is 60 V according to (28), 

which can also be seen in Fig. 10. Moreover, the voltage 

stress on the switch is much smaller than the converter 

output voltage, so a low voltage switch with a small 

Rds(on) can be used. This reduces the conduction losses of 

S5 and increases the MI efficiency. 

   According to (23), the voltage of diode D1 is 240 V, 

which agrees with the results in Fig. 11. 
 

 

Table 1 PV panel specifications. 

Value Parameter Notation 

8.68 A Short-circuit current Isc 
45.3 V Open-circuit voltage Voc 
36.7 V Voltage at maximum power Vmp 
8.18 A Current at maximum power Imp 
300 W Maximum power Pm 

 Fig. 9 Switching of S1–S4 based on the unipolar voltage 
 

switching technique. 
 

Table 2 Specifications of the proposed MI. 

DC-DC converter:100 kHz 

DC-AC converter:10 kHz 

Switching frequency 

110√2sin(100πt) Single-phase grid voltage 

300 W Rated power 

S5: FDMS86180 

S1–S4: IXFX55N50 

D1–D2: C3D03060E 

Specifications of switches 

Cdc = 300 μF 

C1=6 μF 

Cin =200 μF 

Cf = 2 μF 

Capacitors 

Lm = 20 μH 

Lf = 5 mH 

N = 4 

Inductors 

 

 
Fig. 10 Voltage and current of the DC-DC converter switch. 

 
Fig. 11 Voltage across D1. 

 

  
Fig. 12 Voltage across D2. Fig. 13 Primary side voltage of the coupled inductor. 
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Fig. 14 Secondary side voltage of the coupled inductor. Fig. 15 Gate-source voltage of S5. 

 

 

 
Fig. 16 Input current of MI. Fig. 17 DC-DC converter efficiency curve. 

 

  
Fig. 18 Voltage and current injected into the grid. Fig. 19 Active power injected into the grid. 

 

  
Fig. 20 DC-link decoupling capacitor voltage. Fig. 21 PV panel current from the INC algorithm. 

 

  
Fig. 22 PV panel voltage from the INC algorithm. Fig. 23 PV panel power from the INC algorithm. 

 

According to (24), the voltage of diode D2 is 300 V, as 

can also be seen in Fig. 12 

   From the design equations, the conversion ratio of the 

coupled inductor is selected to be 4. Therefore, Eqs. (1) 

and (2) give the primary and secondary voltages as 30 V 

and 120 V, respectively, as shown in Figs. 13 and 14, 

respectively. Moreover, from the design equations, the 

duty ratio of S5 is 50% as can be seen in Fig. 15. 

   Fig. 16 shows the continuous input current of the 

proposed MI. This current leads to a longer lifetime and 

higher reliability of the MI, as well as it allows 

maximum power point tracking in the PV system. 

   Fig. 17 shows the first stage efficiency curve of the 

proposed MI. This stage includes the SEPIC DC-DC 

converter. The efficiency values from theoretical 

calculations and simulation results are, respectively, 

96% and 96.5% at rated power. 

   Fig. 18 shows the voltage and current injected into the 

grid by the proposed MI at 300 W. 

   As shown, the proposed MI and its control system 

properly inject current and voltage into the single-phase 

grid at unity power factor. Fig. 19 shows the active 

power injected into the grid. 

   The proposed control system can inject an effective 

active power of 283.7 W into the power grid. Fig. 20 

shows the DC-link capacitor voltage of the proposed 

MI, which is well adjusted to the reference value of 

300 V by the PI controller. Furthermore, according to 

(30) and the capacitor ripple voltage shown in Fig. 20, it 

can be confirmed that three parallel film capacitors with 

a total capacitance of 300 µF are used in the proposed 

MI. 

   Figs. 21, 22, and 23 show, respectively, the current, 

voltage, and power curves of the PV panel based on the 

INC algorithm. 
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   From Table 1, the INC algorithm properly tracks the 

points of maximum current (Imp), voltage (Vmp), and 

power (Pm). Moreover, this algorithm achieves an 

MPPT efficiency of 99% and the average power of the 

PV panel is 298.4 W. 

   Figs. 24, 25, 26, and 27 show, respectively, S1, S2, S3, 

and S4 of the proposed MI using SPWM with unipolar 

voltage switching. The accurate switching of S1–S4 can 

be confirmed by the switching pattern shown in Fig. 9. 

   Fig. 28 shows the total harmonic distortion (THD) of 

the proposed MI with an LC filter at a switching 

frequency of 10 kHz. 

   The THD of the proposed grid-connected MI is 

2.01%, which is less than 5%, according to the 

standards IEEE1547.2 and IEC61727 [26]. 

   Figs. 29–33 show the dynamic response of the 

proposed MI when the solar radiation intensity in the 

PV panel decreases from 1000 to 800 W/m2 at 0.7 s. At 

this moment, the current and power of the PV panel 

decrease. In this situation, the output power of the MI is 

greater than the input power, so the DC-link voltage of 

the MI is reduced to maintain power balance. Then, the 

PI controller senses the voltage drop and issues the 

corresponding reduction command to control the output 

current of the MI and regain the system balance. Under 

these conditions, the response is relatively fast and 

smooth and the current is sinusoidal despite the changes 

in radiation. The controller properly adapts itself to the 

new conditions and tracks the appropriate reference. 

   Fig. 34 shows the theoretical results of loss analysis of 

the proposed MI, which are obtained from the loss 

analysis equations in Section 4. From this figure, the 

total loss of the proposed MI is equal to 18.43 W. The 

efficiency values from theoretical calculations 

(Eq. (37)) and simulation results are, respectively, 

93.8% and 95% at a rated power of 300 W. 

 

  
Fig. 24 S1 of the proposed MI. Fig. 25 S2 of the proposed MI. 

 

  
Fig. 26 S3 of the proposed MI. Fig. 27 S4 of the proposed MI. 

 

 
 

Fig. 28 THD curve of the proposed grid-connected MI. Fig. 29 Solar radiation variation at 0.7 s. 

 

  
Fig. 30 Grid current variation at 0.7 s. Fig. 31 PV DC-link variation at 0.7 s. 

 

  
Fig. 32 PV current variation at 0.7 s. Fig. 33 PV power variation at 0.7 s. 
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Fig. 34 MI loss analysis curve. 

 
 

7 Conclusion 

   This paper proposed a grid-connected single-phase 

micro-inverter (MI) with a rated power of 300 W and an 

appropriate control strategy for photovoltaic (PV) 

systems. 

   By eliminating the APDC, which is typically used in 

single-stage SEPIC-based MIs, both long lifetime and 

high efficiency were achieved. 

   The advantages of the proposed MI are the use of 

fewer components to provide suitable output voltage 

level for connection to a single-phase grid, continuous 

input current, limited voltage stress on the switch, high 

efficiency, long operational lifetime, and high 

reliability. Lower input current ripple and the presence 

of film capacitors in the power decoupling circuit 

increased the lifetime and reliability of the proposed MI. 
Moreover, the proposed MI had a two-stage topology. 

In the first stage, a SEPIC DC-DC converter with high 

voltage gain was used to step up the voltage of the PV 

panel and harness the maximum power, while the 

second stage included a full-bridge DC-AC converter. 

The performance of the proposed control system was 

verified with the purposes of harvesting maximum PV 

power, stabilizing the DC-link voltage, injecting low 

THD sinusoidal current into the grid, and controlling the 

active power injected into the grid at unity power factor. 

Moreover, the performance of the proposed control 

system was studied for a sudden change in solar 

radiation. Using film capacitors in the DC-link, power 

decoupling was realized without requiring additional 

circuits (i.e., APDC). The long lifetime of the proposed 

MI is guaranteed by the presence of film capacitors for 

power decoupling and lower input current ripple to the 

MI. The proposed MI achieves a high voltage output 

due to the use of coupled inductors, so this topology 

operates well even under low input voltage conditions. 

Moreover, the efficiencies from theoretical calculations 

and simulation results are 93.8% and 95%, respectively. 
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