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1.  INTRODUCTION 

Researchers are currently dedicating significant efforts to improving photovoltaic inverters and their architectures. 

Over the past decades, their work has primarily focused on increasing the conversion efficiency and reliability of micro-

inverters by developing increasingly robust topologies that use fewer power electronics components. Micro-inverters 

enable each panel to directly provide a sinusoidal voltage to either power a direct load or be integrated into the 

distribution electrical grid. Micro-inverters appear as many times as there are panels and are generally sized to be 

integrated with a specific type of panel with a certain voltage, power, and current. They provide a standardized output 

voltage, already pre-sized. Micro-inverter technology must be as simple as possible while ensuring high conversion 

efficiency and reliability. Additionally, their individual cost must be kept as low as possible while guaranteeing good 

quality of output voltage and current. 

Among the requirements imposed on the micro-inverter are also a output voltage waveform with low THD, a fast 

transient response, and the minimization of errors in steady-state operation. 

Most existing micro-inverter topologies use a multi-stage structure, typically two stages. In the vast majority of 

cases, the first stage is a DC/DC converter placed upstream of an inverter bridge that constitutes the second stage. The 

first stage's role is to pre-shape the waveform of voltage and current, providing a rectified sinusoidal waveform voltage. 

This rectified sinusoidal waveform is then modulated with the inverter bridge using a 180° phase shift to obtain a 
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sinusoidal voltage. Among the most used DC/DC converters are boost and buck-boost converters, as they amplify the 

voltage from the solar panel or battery to provide an amplified voltage with a higher value [1-8]. The buck converter is 

also used, but the input voltage must be higher than the maximum value of the output alternating voltage, or a voltage-

boosting transformer must be used [9-13]. Converters can also be used to track the maximum power point of solar 

panels, and the obtained voltage is then directly modulated; this topology is generally coupled with a voltage filter [14-

18]. 

The main proposition of this new microinverter topology is based on the utilization of a buck converter and a 

discharge circuit as the first stage, where the buck converter's role is to increase the voltage value and the discharge 

circuit's role is to decrease this voltage. The proper operation of both circuits provides a rectified sinusoidal voltage, 

whose maximum amplitude is lower  of the source, which is either a battery or a photovoltaic panel. 

The bridge is controlled with a 180° phase shift at a frequency of 50 Hz to obtain a modulated voltage at the midpoint 

of the period [12,13]. This paper presents a detailed design of the converter used based on the input and output voltages, 

as well as a state-space modeling of the first stage of the inverter based on the switch states. This topology does not use 

any filters, and the maximum switching frequency is limited to 20 kHz. 

Two control strategies are used for this topology. The first is linear control with a PI regulator, sized using the 

Ziegler-Nichols method. The second is non-linear and uses sliding mode control with the Smooth function. Stability 

analysis is performed using the Lyapunov method, and a comparison is made between the two controllers in terms of 

THD and voltage ripple. 

Two continuous voltage sources are also used for simulations, including a photovoltaic panel model with a maximum 

power voltage higher than the buck's maximum voltage and a 40V battery. 

About the output voltage, its reference is set to 24V, with the goal of having a standard voltage to power fixed or 

embedded devices such as LED lighting, actuators, electronic components, protection systems, etc. If necessary, this 

voltage can be increased using a boost transformer. This new micro-inverter topology has the advantage of using a 

reduced number of components while ensuring good performance in terms of harmonic distortion rates. It consists of 

two high-frequency power switches, limited to 20 kHz by the control, as well as four low-frequency switches operating 

at 50 Hz. It also includes a diode, a capacitor, and two coils. 

 

2.  PROPOSED TOPOLOGY 

In the suggested configuration, when switch K1 of the buck converter is activated, the capacitor begins to charge, 

and the voltage across it increases (in accordance with equation 1). When the buck converter switch is blocked, the 

capacitor starts to discharge through the load and the discharge circuit (this phase is represented by equation 4). The 

combination of these two phases allows for the creation of any form of DC voltage. Thus, effective control of this cycle 

generates a rectified sinusoidal voltage at the output of the buck. 

 
Fig. 1. Diagram of the Buck converter with the discharge circuit. 

 

In this configuration, the discharge inductance denoted as Ld is used to limit the current of circuit when switch K1' 

is activated, to prevent any deterioration of the switch and to smooth the voltage, in addition to limiting the switching 

frequency. The inverter is powered either by a battery or a photovoltaic panel, chosen to ensure a maximum continuous 

voltage equal to or greater than 24√2 V, with the control reference voltage noted as Vref=24√2.sin(2π 50t) [4], resulting 

in an effective value of 24 V. 

The rectified sinusoidal waveform allows the four switches of the inverter bridge to switch at a frequency of 50 Hz. 
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The rated power consumed by the chosen load is 150 W. To evaluate the response of the control and topology, a test 

with a inductive load.  

 

2.1.  Modelling the Buck with a discharge circuit. 
The system is modeled using a state-space representation that incorporates the state of switch k1 with the help of a 

Boolean variable (S). If k1 is blocked, S=0; otherwise, S=1. The variable S also represents the state of the control signal 

S that governs k1, which is the inverse of the control signal that governs k1' [19]. 

 

 
Fig. 2. Buck equivalent diagram with discharge circuit. 

 

Phase 1 

Switch k1 is on and k1' is blocked. 

 
𝑑𝑉𝑠

𝑑𝑡
=

𝐼𝑒

𝐶
−
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𝑑𝐼𝐿𝑑
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Phase 2 

The switch k1 is blocked and k1' is on, the diode is on, which gives the equivalent diagram in Fig. 2. 
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The introduction of the switch state the result is as follows: 
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This model is not perfectly representative in case of a strongly inductive load, if S=1, the representation becomes of 

order two. 
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𝐴 = [
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𝐶
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0
 ] , 𝐵 = [

0
1
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]              (8) 

 

2.2.  Dimensioning 
The capacitor in a buck converter serves the purpose of supplying current to the load during the phase when the source 

is disconnected (phase 2). The capacitor's capacity is calculated to ensure the supply of the nominal current to the load 

for one quarter of the reference voltage period (as indicated by equation 9). It's important to note that the value of this 

capacitance is directly related to the reference voltage. If the reference voltage of the buck converter is lower, the 

required capacitance increases, as it needs to provide a higher current, resulting in more losses for undersized loads. 

 

𝐶max = 
𝐼𝑐 𝛥𝑡

𝛥𝑉
 =

𝐼𝑐

4  𝑓𝑠 𝛥𝑉
≈ −

𝐼𝑠−𝑚𝑎𝑥

2  𝜋  𝑓𝑠 𝛥𝑉
      (9) 

 

The discharge inductance plays a crucial role in limiting the current of the discharge circuit. It is sized to ensure that 

the maximum discharge current is not exceeded, especially when the frequency is at its minimum. For this circuit, the 

control signal frequency is bounded between 2 and 20 kHz, and equation 10 provides the formula for sizing the discharge 

inductance. 

𝐿𝑑 < 
𝑉𝑠−𝑚𝑎𝑥

𝐼𝐿𝑑−𝑚𝑎𝑥∗𝑓𝑐𝑜𝑚−𝑚𝑖𝑛
        (10) 

 

In addition to using an inductance to regulate the current of discharge circuit, it is also conceivable to incorporate a 

resistor, either in series with the inductance or independently. When utilizing a photovoltaic source, the input inductance 

can be considered negligible, given that the panel voltage follows the buck output voltage ( Fig. 6). However,  for the 

battery, the input inductance is essential and is proportional to the difference between the battery voltage and the buck 

converter voltage, as formulated in equation (11). 
𝑉𝑒−𝑉𝑠−𝑚𝑎𝑥

𝐼𝑠−𝑚𝑎𝑥∗𝑓𝑐𝑜𝑚−𝑚𝑖𝑛
< 𝐿𝑠 < 

𝑉𝑠−𝑚𝑎𝑥

𝐼𝑠−𝑚𝑎𝑥∗𝑓𝑐𝑜𝑚−𝑚𝑖𝑛
       (11) 

 

2.3.  Classic control with PI controller. 
 

 

 
Fig. 3. Control loop S=1 with PI corrector. 

 

The control is executed using a classical Proportional-Integral (PI) controller, as shown in Fig. 3. The sizing of the 

controller is carried out using the Ziegler-Nichols open-loop method, for the transfer function obtained with the switch 

state k1 on (S=1), as given by equation (12). 

𝐹𝑆=1 = 

1

𝐿𝑠𝐶

𝑠2+
1

𝑅𝐶
𝑠+

1

𝐿𝑠𝐶

       (12) 

 

The Ziegler-Nichols open-loop approach is a practical technique used to adjust the parameters of a PID controller in 

the field of electrical engineering. This method includes introducing a disturbance to the system and analyzing the open-

loop response to ascertain the appropriate values for the controller coefficients [19-21]. 

𝐾𝑝 =
0.9 .𝛥𝑌

𝐺  .𝑃 .𝐿
=

0.9 .𝑡𝑢

𝐺 .𝐿
,    𝐾𝑖 =  3.33 

 𝐿

𝐺
    (13) 

 

     To generate the control signal and prevent surpassing the maximum switching frequency, the output of the controller 

is systematically compared with Vref signal. This comparison enables the creation of a suitable control signal, ensuring 

its application to the system is well-regulated. 
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Fig. 4. Rethinking the system at a step (S=1). 

 

 
2.4.  Sliding mode control and its stability. 

The second control device employs sliding mode control to adjust the inverter's operation, as detailed in references 

[22-24]. In this configuration, the step function is chosen due to the non-linearity of the system and its transitions 

between two states, thereby avoiding the addition of any additional oscillation to the existing signal. 

𝑆 =  𝑠𝑡𝑒𝑝(𝜀)    (14) 

 

The control's sliding surface is naturally defined as the error in the output voltage of the buck converter. Stability 

analysis of this control scheme employs the Lyapunov method, renowned for assessing global or partial stability of 

dynamic systems. This method relies on an energy function, typically quadratic, to evaluate stability of equilibrium 

points or motion. In our case, it's applied to a nonlinear system oscillating between two states. For stability, the Lyapunov 

function must be zero at the origin, strictly positive elsewhere, and its derivative must be strictly negative. Equation (15) 

defines the chosen function. We assume the switching frequency significantly exceeds that of the inverter, enabling us 

to consider the buck converter's reference voltage as constant[25-28]. 

𝑉(𝜀) =
𝜀2

2
         (15) 

 

Equation 16 illustrates that the variation in the error is consistently proportional to the inverse of the change in the 

output voltage. 

𝜀 =  𝑉𝑟𝑒𝑓 − 𝑉𝑠 →
𝑑𝜀

𝑑𝑡
 =  −

𝑑𝑉𝑠

𝑑𝑡
     (16) 

 

Phase 1    The error is positive the switch k1 becomes conductive the capacitance is charged which causes the voltage 

to increase, as shown in eq 1. 

𝐼𝑒 >
𝑉𝑠

𝑅
        (17) 

𝜀 >  0 →  𝑆 =  1 →
𝑑𝑉𝑠

𝑑𝑡
>  0 →

𝑑𝜀

𝑑𝑡
<  0   (18) 

 

Phase 2         If the error is negative, the discharge circuit switch is turned on and the capacitance discharges, leading to 

a decrease in voltage, as shown in eq 4. 

𝐼𝑒 < 𝐼𝐿𝑑 +
𝑉𝑠

𝑅
        (19) 

𝜀 <  0 →  𝑆 =  0 →
𝑑𝑉𝑠

𝑑𝑡
<  0 →

𝑑𝜀

𝑑𝑡
>  0     (20) 

 

The drift of the Lyapunov function is strictly negative for both phases, it indicates that the energy of the system is 

decreasing over time, ensuring that the system is stable. Therefore,it can be concluded that the control is stable for the 

entire system. 

𝑉(0) = 0;  𝑉(𝜀) =
𝜀2

2
, 𝜀 ≠  0; 𝑉′(𝜀) =  𝜀′ 𝜀 < 0   (21) 
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3.  RESULT AND DISCUSSION 

The inverter is designed to generate a current of 6 A at a voltage of 24 V, resulting in a total power output of 150 W. The 

performance evaluation of the two regulators is conducted through various tests using different energy sources. Two sources are 

employed for these tests: a photovoltaic panel with an open-circuit voltage of 44 V and a maximum power voltage of 36 V. The 

second source is a 40 V battery. 

 
3.1.  Without Discharge Circuit. 

In the absence of the discharge circuit, the output response of the buck converter is significantly affected by both the 

power source's characteristics and the dimensions of the converter. Consequently, the capacitance fails to discharge 

completely, resulting in the absence of a zero crossing. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Buck voltage output without discharge circuit. 

 

Fig. 5 indicates that among the four test results without the discharge circuit, the sliding mode regulator with the 

photovoltaic panel exhibits the best performance, with a harmonic distortion rate (THD) of 5%. In contrast, the other 

three test results show a very high THD, exceeding 18%, suggesting that the buck converter alone should be designed 

to handle a constant nominal load rather than a variable load under such conditions 

 

3.2.  With the Use of the PI Regulator. 
The results of the micro-inverter demonstrate satisfactory performance, producing a sinusoidal output with a THD 

of less than 2% for both current and voltage. The integration of the discharge circuit facilitates zero crossing at t={0, 

T/2} when the inverter bridge switches are toggled, as illustrated in Fig. 6. 

 

 THD 50 Hz RMS 

Buck voltage PI photovoltaic 18 % 25.3 V 

Buck voltage Step photovoltaic 5 % 24.7 V 

Buck voltage PI Battery 19 % 25.9 V 

Buck voltage Step Battery 18.5 % 25.4 V 

Buck voltage Reference 0.09 % 24 V 
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 THD 50 Hz RMS 

Buck voltage / 21.6 V (average) 

Photovoltaic voltage / 37 V(average) 

Inverter voltage 1.48 % 24 V 

Inverter current 0.85 % 6.1 A 

 

Fig. 6. Inverter output with a PV source and PI corrector. 

 

The voltage output of the inverter, powered by a photovoltaic source, is illustrated in Fig. 6. An important aspect is 

that the panel voltage follows that of the capacitor during the activation of the switch k1. During this phase, the 

capacitance charges, thereby increasing the voltage. When k1 is deactivated, the panel voltage returns to its open-circuit 

value, and the capacitor discharges either through the load or via the discharge circuit. This results in a decrease in the 

voltage of the buck converter. The harmonic distortion rate of the current is excellent, equivalent to 0.85%. 

 

 
 THD 50 Hz RMS 

Inverter voltage 1.3 % 23.9 V 

Inverter current 0.83 % 6.13 A 

Fig. 7. Inverter output with Battery as source and PI corrector. 

 

The transition from the photovoltaic panel to a battery yields comparable results, with the same harmonic distortion 

and root mean square (RMS) values. This highlights the robustness of the micro-inverter against variations in the input 
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source. The results are summarized in Fig. 7. 

 

3.3.  With the Use of the Step Function. 
 

 
 THD 50 Hz RMS 

Inverter voltage 1.37 % 23.8 V 

Inverter current 0.65 % 6.06 A 

Fig. 8. Inverter output with PV source using the step function. 

 

 
 THD 50 Hz RMS 

Battery voltage / 40 V (average) 

Inverter voltage 2.3 % 23.9 V 

Inverter current 1.06 % 6.12 A 

 

Fig. 9. Inverter output with Battery as source using the step function. 

 

 
 THD 50 Hz RMS 

Inverter voltage 3.4 % 24.6 V 

Inverter current 0.84 % 3.2 A 

Fig. 10. Test with purely inductive load. 
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The inverter performance in the case of a photovoltaic source is slightly improved with sliding mode control 

compared to conventional control, resulting in a current THD of less than 0.7% provided by the inverter. However, the 

inverter voltage waveform exhibits a less favorable THD, especially in terms of voltage, due to a less precise zero-

crossing transition during the inverter bridge switching moments. Despite this, the overall result remains acceptable. 

Inverter sizing is based on the assumption of a resistive load, meaning that a highly inductive load can disturb the 

voltage, and to maintain high power quality, the current supplied by the inverter must be reduced to half its nominal 

value for a purely inductive load. Fig. 10 illustrates this degradation of inverter voltage to 3 %, while the current is not 

disturbed with a THD of less than 1 %, as demonstrated in Fig. 10. 

 

4.  PERFORMANCE EVALUATION 

     Table 1 highlights that a significant portion of losses remains constant. In the case of undersizing the load, the current 

flowing through the discharge circuit increases, resulting in a decrease in efficiency. The switching frequency of the 

buck converter varies from one to three times depending on the switching time, with an average frequency of 10 kHz. 

The results are presented in Table 1 using a parameter γ, representing the phase of the period, where t = γ * T. The 

variation is cyclical, with its cycle spanning half of a period. 

 
Table 1. Efficiency (battery) and Switching frequency. 

Power (W) 25 49 61 81 122 145 

Efficiency (%) 60 83 85 88 92 93 

 

γ 0.03 0.08 0.013 0.2 0.3 0.45 

Switching frequency 

(kHz) 
6 

11 
14 

12 10 6 

 

    In Fig. 11a, it is observed that the rise in reactive power provided by the inverter correlates directly with the 

degradation of voltage harmonic distortion. This degradation primarily stems from the fact that at instants t = {0, T/2}, 

the current peaks, causing the buck voltage to increase too rapidly compared to the reference. Furthermore, the beat is 

also more pronounced, as depicted in Fig. 10. However, the current exhibits greater resilience to load variations, 

maintaining a range between 0.6% and 1.4%, (Fig. 11b). 

 
 

Fig. 11. a) THD of the inverter voltage, b) THD of the inverter current. 

 

    The maximum power transmitted to the buck converter from a solar panel is proportional to the duty cycle, and the 

maximum duty cycle is 2/π. For a load of 150 W, the maximum power of the panel is 280 W. 

    The comparison between the different structures of micro-inverters mentioned in this document reveals significant 

similarities. The first concerns the use or non-use of voltage and current filters to improve the waveform. The proposed 

structure directly provides a sinusoidal voltage, thus avoiding the inconvenience of using a filter.  

    Most of these inverters provide a voltage with a harmonic distortion rate of less than 5%, which is the accepted limit 

for grid injection. The proposed micro-inverter has a THD of 1.48%. Topologies that offer better results either require 

a much more complex control to implement or use a filter and a larger number of switches.  
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    Regarding efficiency, in the vast majority of cases where it is provided, it is higher than 90%. The result obtained for 

this topology is 93%, on average compared to other topologies. 

 
Table 2. Comparison between microinverter structures. 

Reference Voltage filter Controlled switches THD Efficiency 

[1] yes 5 / / 

[2] no 4 <2% 98% < 

[3] yes 6 / / 

[4] no 5 / 95% < 

[5] oui 8 2.58% 97.8% 

[6] oui 5 1.78% / 

[7] no 6 1% 94% 

[8] yes 7 / 94.6%  < 

[9] yes 6 / 90%  < 

[10] yes 4 / 97% < 

[11] yes 8 <1% 88% 

[12] no 3 2.07% / 

[13] no 5 6.32% / 

this work no 6 1.48% 93 % 

 

5.  CONCLUSION 

The combination of the buck topology and the discharge circuit proves to be optimal for presetting the voltage 

upstream of an inverter bridge in the field of electrotechnics. The asymmetric operation of the two switches enables the 

provision of a voltage in the form of a rectified sinusoidal wave, making it particularly well-suited for supplying low-

power embedded systems. 

Nevertheless, this topology comes with notable drawbacks, such as limited voltage robustness for highly inductive 

loads and a high switching frequency of the two switches. On the positive side, it boasts advantages like a THD of the 

current below 1.4% and a 50 Hz switching frequency for the inverter bridge. The design involves a minimal number of 

components, comprising two high-frequency switches and four low-frequency switches. In terms of controls, there is no 

significant difference between the Proportional-Integral (PI) corrector and the step function. 

In summary, the buck topology presents itself as a compelling solution for low-power applications where the quality 

of the output voltage holds paramount importance in the realm of electrical engineering. 
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