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A PID-Controlled High DC Voltage Gain Switched-Inductor&Capacitor-Based DC-DC 

Power Buck-Boost Converter applicable for PV utilizations 

  
 

Abstract 

DC-DC converters are widely applied in different industrials such the Renewable Energy 

Sources (RESs) utilizations, Electrical Vehicle (EV) applications and power transmission 

technologies. Different topologies are presented for these converters including the modified 

Buck, Boost or Buck-Boost converters, switched-inductors and switched-capacitor-based 

structures and circuits with transformers. A DC-DC converter is needed to transmit and make 

the voltage applicable to the grid or home applications to use the different levels of the 

generated voltage by different voltage sources. In this study, a switched-inductor-based 

converter is presented to operate in low or high-power utilizations. One application of the 

proposed converter is aiming to supply the necessary voltages to the devices requiring low 

voltage, such as mobile phones and computers, and transmit the obtained voltage to the 

electricity grids that can be categorized at the high-voltage applications. Based on the load 

voltages level, there is a need to obtain a high-gain converter, which can operate as a buck 

and boost converter. Since electrical energy must be transmitted as lossless as possible, the 

converter must be highly efficient. In the proposed converter, the number of the components 

are optimized and only one power switch is used. The main advantage of the converter is that 

it can be controlled simply since it contains only one power switch. Also, three diodes are 

used in the proposed structure that only one of them is activated at the time intervals that the 

switch is on ON-state and the other two diodes are activated for the OFF-state of the switch. 

All these features can help for obtaining smaller dynamic and switching losses through the 

power transmission process. Both inductors are charged in the ON-state and discharged in the 

OFF-state operational modes that can guarantee a Continuous Conduction Mode (CCM) 

working conditions for the converter. Also, a capacitor is used to transfer the voltage between 

the input and output sides during the switching process. 

 

Keywords: SEPIC Converter, High voltage gain, Switched-capacitor, Switched-inductor, PID 
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1. Introduction 

 

Power electronics circuits allow electrical power to be transmitted through electronic components. DC-DC converters 

convert direct voltage (DC) to direct voltage (DC) with higher or lower voltage magnitudes, usually in positive polarity. 

These converters can be isolated from each other by separating the grounds of the input and output voltages if desired 

[1]. Solar arrays with around 100W power typically generate voltages between 24 VDC and 36VDC under suitable 

temperatures and irradiances. The electrical energy received from solar panels where solar energy is converted into 

electrical energy is obtained with a DC-DC converter to help. More than one power electronic circuit is required to 

transmit the single-phase power grid's obtained electrical energy. Since the single phase of the network is an alternating 

voltage (AC) with a 220 V amplitude, the DC voltage with around 300 V is required. The direct voltage that is increased 

with a DC-DC converter is converted to alternative voltage with a converter's help. It is then filtered and delivered to 

the grid [2-12].  The solar panel is considered to consist of many serially connected cells. Therefore, the panel's nominal 

voltage is calculated as 24V, and the maximum voltage as 36V. It is planned to use two panels, which are connected 

in series. For this purpose, many of the configurations like conventional buck-boost, SEPIC, CUK, switched-capacitor, 

and switched-inductor-based converters are presented in the literature. The main disadvantages of the conventional 

buck-boost converters are their efficiencies and low voltage gains. For example, all the classical buck-boost, SEPIC, 

and CUK converters generate a voltage four times greater than the input voltage at 80 percent of the duty cycles. This 

level of the duty ratio makes the power switches to be activated a longer time. It increases the converter's dynamic 

losses, especially in high power applications, and decreases efficiency.  

 

Quasi-active inductance switching converters with coupled inductor blocks are suggested in [13-14]. Such circuits are 

capable of generating high voltage gain along with low voltage stress on active switches using small coupled inductors. 

In these circuits, two additional capacitors and two diodes have been added to the circuit to reduce the voltage stress 

on the semiconductor switches and increase the voltage gain. This circuit has one capacitor and one diode less than the 

improved circuit of the active network, while all its other features are preserved. A combined method in order to 

increase the gain of the converter voltage has been proposed in [15]. In fact, by substituting two switching inductor 

circuits instead of two normal active network inductors, a higher voltage gain is achieved than a simple active network. 

Using this method has increased the number of diodes, which has reduced the efficiency of the converter compared to 

the efficiency of a conventional DC-DC converter. The converter proposed in [16] consists of a series connection of 

conventional Boost converters and a voltage multiplier that places a coupler inductor with two windings in its circuit. 

In this converter, only one active switch is used and no large duty cycle is required to achieve high voltage gain. Also, 

the energy stored in the coupled inductor is directed to the load instead of wasted, so the converter losses are reduced 

and the converter efficiency is increased. 

 

In [17] a hybrid converter is proposed. This converter has been designed based on the active network converter. In 

order to achieve higher voltage gain, based on a conventional active network converter and a type of switched capacitor 

circuit including two capacitors and three diodes that are connected in series with the active network converter have 

been used. In [18], a transformerless active network converter that uses coupled inductors is proposed to solve problems 
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such as a large volume of conventional boost converters, the high voltage stress on active switches, and voltage gain 

limitations. In this converter, in addition to using the voltage balancing capacitor of the active switches, the coupled 

inductor is used. The converter in [19] is obtained by placing a type of coupled inductor instead of active network 

converter inductors. One of the most important advantages of this converter is its small volume due to the use of only 

one core for two coupled inductors. In fact, both inductors are wrapped around a single core. However, the number of 

diodes in this converter is four more than in a conventional active network converter, which reduces the efficiency of 

the converter. In order to achieve high voltage gain and reduce voltage and current stress on the active switches, a 

combination of active network converter, coupled inductor and pump charge has been used in [19]. The efficiency of 

this converter has increased compared to the flyback boost converter due to the noticeable reduction of voltage and 

current stress on the active switches and diodes. In [20] to achieve high voltage gain, a hybrid active network converter 

with switch-inductor / switch-capacitor block is presented. However, the high number of elements used in this 

converter increases the conduction losses and decreases the overall efficiency of the system. 

 

As can be seen, new switched-capacitor and switched-inductor converters were suggested to present higher DC gains 

at the lower duty cycles [21-24]. These structures not only can storage the high DC voltages across the capacitors or 

pass the higher current values through the inductors, but also, they can arrogate the voltages and currents in the power 

module and mitigate the voltage and current stresses across the power components like transistors and diodes. 

 

This study presents a modified and high DC gain and switched-inductor-based SEPIC buck-boost converter. The 

number of the components is comparable with the SEPIC converter, and the location of the power components has 

been changed and rearranged. By this new configuration, around 350VDC and 3A for the load side is considered, and 

in order to fix the output voltage, a PID-based controller is suggested. All mathematical analysis and simulation results 

which have been provided by MATLAB/SIMULINK are presented. 

 

2. Operating Principe of the Converter 

 

The proposed converter’s circuit diagram is shown in Figure 1. The structure is similar to the SEPIC converter topology 

and is provided by adding a diode to the circuit. For the time intervals that the power switch is in the OFF state, the 

second inductance is de-energized over the load. For this reason, the proposed converter is separated from the SEPIC 

converter. The input inductor (L1) should be high enough to make the current continuously. The energy storage capacitor 

(C1) and the output capacitor (C0) should also be high enough to keep the output voltage stable. The proposed circuit 

structure is taken from the study of Fu et al. [25].  
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Figure 1. Suggested converter. 

 

While the switch is activated during DT, diodes D1 and D2 are reverse biased, and diode D3 is conducting. The input 

voltage energy is transmitted to inductance L1 through the switch and D3, and the current of the inductance L1 increases. 

The energy across the capacitor C1 is transmitted to the inductor L2 through the switch and C1, and the current of the 

inductor L2 increases. Meanwhile, the output load is supplied through the output capacitor CO. 

 

When the switch is deactivated during (1-D)T time interval, diodes D1 and D2 are in on-state, and diode D3 is reverse 

biased. The energy of the input voltage and inductor L1 is transmitted to the capacitor C1. Hence, the current of inductor 

L1 drops. Meanwhile, the energy stored across the inductor L2 is transmitted through the D2 diode to supply the output 

capacitor and output load. Therefore, the current of the inductor L2 will decrease till the inductor L2 is discharged. If the 

energy of the inductor L2 is finished during the time the switch is open, the converter turns into discontinuous conduction 

mode, and the diode D2 is reversed bias. The voltage across the output capacitor C0 is transferred to the output load. Of 

course, in the meantime, the input source and inductor L1 continue to supply the capacitor C1. 

 

 

Figure 2. Current paths of the converter when the switch is closed and open. The path indicated by the dashed line disappears when 

switching from CCM to DCM. 

 

When the switch is closed, the equation for the current flow through the inductors L1 and L2 are presented by (1) and 

(2): 

𝐋𝟏.
𝐝𝐢𝐋𝟏
𝐝𝐭

= 𝐕𝐢𝐧 
(1) 

𝐋𝟐.
𝐝𝐢𝐋𝟐
𝐝𝐭

= 𝐯𝐂𝟏 
(2) 
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The voltage across the capacitor C1 is given by (3), and the voltage of the output capacitor is presented by (4). When the 

switch is deactivated, the formula through the L1 inductance is given in equation 5 and the current flowing through the 

L2 inductance in equation 6. D is the duty ratio of the PWM signal. 

 

𝐂𝟏.
𝐝𝐯𝐂𝟏
𝐝𝐭

= −𝐢𝐋𝟐 
(3) 

𝐂𝟎.
𝐝𝐯𝟏
𝐝𝐭

= −
𝐯𝟏
𝐑𝟏

 
(4) 

𝐋𝟏.
𝐝𝐢𝐋𝟏
𝐝𝐭

= (𝐕𝐢𝐧 − 𝐕𝐂𝟏)(𝟏 − 𝐃) 
(5) 

𝐋𝟐.
𝐝𝐢𝐋𝟐
𝐝𝐭

= −𝐯𝟏. (𝟏 − 𝐃) 
(6) 

The voltage across the capacitor C1 is obtained through equation 7, and the voltage of the output capacitor CO is presented 

in the form of equation 8. 

𝐂𝟏.
𝐝𝐯𝐂𝟏
𝐝𝐭

= 𝐢𝐋𝟐. (𝟏 − 𝐃) 
(7) 

𝐂𝟎.
𝐝𝐯𝟏
𝐝𝐭

= (𝐢𝐋𝟐 −
𝐯𝟏
𝐑𝟏

) (𝟏 − 𝐃) 
(8) 

 

3. Steady-State Analysis of the Suggested Converter 

 

The voltage gain in a converter can be given as the input voltage ratio to the input voltage. All circuit elements used are 

thought to be ideal. In an ideal system, this ratio is 1/(1-D) in the classical boost converter, -(D/(1-D)) in the classic 

buck-boost converter, and CUK converter and (D/(1-D)) in the SEPIC converter. In the converter presented in Figure 1, 

a SEPIC converter scheme was used to get rid of negative polarity, and it was aimed to increase the voltage gain by 

adding diodes D1 and D3. 

 

In order to obtain the voltage gain, inductors volt second balance is used to get the equations. Which can be seen in 

equation 9 and 10.  

 

∫ 𝑽𝒊𝒏. 𝒅𝒕
𝑫𝑻

𝟎

+∫ (𝑽𝒊𝒏 − 𝑽𝑪𝟏)𝒅𝒕
𝑻

𝑫𝑻

= ∫ 𝑽𝑪𝟏. 𝒅𝒕
𝑫𝑻

𝟎

+∫ (−𝑽𝟏)𝒅𝒕
𝑻

𝑫𝑻

= 𝟎 
(9) 

𝑽𝟏
𝑽𝒊𝒏

=
𝐃

(𝟏 − 𝐃)𝟐
 

(10) 

 

The ratio of the output voltage to the input voltage is given as (D/(1-D)2) according to the calculation made by Fu et al. 

[26]. 
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Figure 3. When the converter's duty ratio is 0.7, the output voltage, input voltage, and time-dependent current graphs of the 

components. 

 

The duty ratio of the converter is set to 0.7. While the input voltage was 48 VDC, the output voltage is obtained equal 

to 335 VDC. Hence the voltage gain was 7. Figure 3 shows the input and output voltages, current and output current of 

diode D3. 

 

 

Figure 4. When the duty ratio of the converter is 0.15, the output voltage, input voltage, and time-dependent current graphs of some 

of the components. 

 

In order to see the graphics of the converter while operating in buck mode, the duty ratio is set as 0.15. While the input 

voltage was 48 VDC, the output voltage was approximately 23 VDC. In Figure 4, input and output voltages and current 

values of all circuit elements can be seen. 
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It has been observed that as the duty ratio decreases, an extra load such as a sudden pulse current occurs, primarily 

through the D3 diode. 

 

3.1. Methods for Increasing Voltage Gain 

 

A structure is created by adding additional elements like the capacitor, inductor, and diodes to increase the suggested 

converter's gain and make a smoother switching. These structures are well-known as the switched capacitor and switch 

inductor structures. 

 

In this subsection, the proposed structure shown in Figure 5 is placed instead of the input inductance L1, and the energy 

is stored in parallel to the inductors L1 and L3. At the same time, the switch is deactivated during the DT time interval. 

When the switch is deactivated during (1-D)T time interval, the energy of the inductors L1 and L3 is transferred to the 

capacitor C1 in series [27].  

 

 

Figure 5. Suggested switched-inductor structure to be added instead of the input inductor L1. 

 

When the switch inductor structure was added while the output voltage was 335 VDC, the output voltage increased to 

485 VDC. Voltage gain increased from 7 to 10.1. 

 

 

Figure 6. The impact of the proposed switched-inductor topology on the gain and other features of the proposed converter. 
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The opposite effect is expected when the converter is operating in buck mode. Using the switch capacitor structure, the 

structure in  Figure 7 has been added to the circuit instead of the capacitor C1 to investigate the buck mode. During the 

DT time interval, while the switch is closed, the voltage across the C1 and C2 capacitors is transmitted to the inductor 

L2 in parallel. When the switch is activated during (1-D)T, capacitors C1 and C2 store the voltage serially [27]. 

 

Figure 7. Suggested switched-capacitor structure to be added instead of the capacitor C1. 

 

 

Figure 8. When the duty ratio of the converter is 0.15, the output voltage, input voltage, and time-dependent current graphs of some 

of the components. 

 

When the switched-capacitor structure is added while the output voltage is 23 VDC, the output voltage is reduced to 16 

VDC. 

 

Switched-inductor and switched-capacitor structures are added to the circuit alone. The switched-inductor structure 

increases the circuit's voltage, while the switched-capacitor structure affects the circuit's voltage in a lower direction. If 

both sub-circuits are added to the converter, the two sub-circuits will act in the direction of damping each other. Besides, 

it has been observed that the current of the diode D3 in the switched-capacitor structure is in the form of a pulse. The 

low or high duty ratio of the converter operating in both buck and boost modes affects the circuit elements currents and 

forces the circuit to decrease the converter's efficiency. In addition, the converter circuit's duty ratio is chosen in the 

range of 0.3-0.6 for the long-term operation of the switches and other circuit elements to provide more efficient 

operation. 
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4. Controller Design 

 

In order to fix the output voltage across the specified values of the load, the converter structures should be equipped 

with a proper controller. This controller works to present different values of the duty cycles for the power switch under 

different input voltages and output loads. Different controller techniques are presented for converter circuits. Sliding 

mode controller [28-30], fuzzy logic-based controllers [31-33], FPGA-based controllers [34], and classical PI and PID 

controllers [35-39] are some of these techniques.  Some of these controllers are based on the deep mathematical relations 

between the components. Some others only check the output voltage and have large damping ratios and high fluctuations 

at the change moments of the input voltage or the output load. Between these controllers, classical PID controllers have 

work with high accuracy and minimum damping ratios. The reason is that these converters are operating based on the 

pure and accurate mathematical analysis of the converter. Therefore, the switch in the converter's duty ratio adjustment 

by adding a PID (proportional, integral, derivative) controller is considered with the feedback received from the output 

voltage and comparing with the reference voltage that is equal to the desired voltage of the load. In order to design the 

controller, a circuit equation is created based on considering the effect of circuit elements on the output voltage. PID 

parameters are determined using the considered equation [25]. 

 

The output signal of the PID controller A is obtained by using the relation of inductor L2 current with the output voltage. 

𝐂𝟎.
𝐝𝐕𝟏
𝐝𝐭

+
𝐕𝟏
𝐑𝟏

= (𝐢𝐋𝟐)(𝟏 − 𝐃) = 𝐀 
(11) 

Figure 9 presents the general scheme of a conventional PID-controller. As can be seen, the output voltage of the converter 

is measured at the specified time intervals and is compared with the desired voltage of the load. Then, the difference of 

these voltages can be changed the duty ratio of the power switch to seizure the accurate output voltage. Three coefficients 

for a PID controller are applied can be seen by KP, KI, and KD indexes in this figure. KP, KI, and KD coefficients indicate 

the proportional, integral and derivative terms. The value of these coefficients should be obtained through an accurate 

equation between the output voltage and one of the current derivation equations of the inductors or voltage derivations 

of the capacitors. The simplest equation should be selected for preventing the complexity of the controller mathematical 

design. Equation (11) is one of these simple equations that presents a relation between the output voltage and current of 

the inductor L2.  

Kp e(t)

Ki  e(t)dt

Kd de(t)/dt

    To power switch

Output (Load)
Desired Output 

Voltage

+ 

-

 

Figure 9. General PID controller with feedback path and coefficients. 

 

Figure 10 presents the model used for the proposed converter in MATLAB/SIMULINK. For obtaining this model, by 

considering figure 9 and equation 12, the value of the coefficients should be determined.  
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𝒚(𝒕) = 𝑲𝑷𝒆(𝒕) + 𝑲𝒊 ∫ 𝒆(𝒕)𝒅𝒕 + 𝑲𝒅
𝒅𝒆(𝒕)

𝒆(𝒕)
                                                     (12) 

 

In this equation, y(t) and e(t) are the output voltage and the error signal can be obtained from the difference of the 

measured and desired output voltages. By pairing the y(t) with V1(t) in equation 11 and equalizing with equation 12, the 

value of the KP, KI, and KD coefficients can be obtained as KP = 0.0375, Ki = 1.275 and KD = 0.000003 respectively. 

 

The control circuit is shown in Figures 9 and 10, and the final form of the converter in boost mode is illustrated in Figure 

11. 

 

 

Figure 10. Controller circuit diagram of the converter. 

 

Results were obtained at 4 different voltage levels with the reaction of the designed controller. The switching frequency 

has been chosen equal to 20 kHz to reduce the switching losses and the losses of the circuit elements. Different input 

voltages equal to 20, 150, 200, and 300 V are selected for the voltage reference. Figure 11 presents a 

MATLAB/SIMULINK model including the proposed converter and the controller equipped with a PV panel than can 

show the performance of the suggested topology for PV applications. 

 

 

Figure 11. Proposed DC-DC Converter with a designed PID controller. 

 

As can be seen different measurements for currents and voltages can be considered. The specifications of the PV panel 

can be changed based on the datasheet features of the panel in MATLAB.  
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Figure 12 shows the results obtained. Only output voltage and current have been added for detailed viewing.  

 

 

Figure 12. Output voltage and output current values obtained as a result of controller references. 

 

The results in figure 12 show that the controller can accurately track the desired output voltages and the current of the 

load linearly can change with the output power value. Four 20, 150, 200, and 300 volts as the desired output voltages 

are selected and figure 12 shows that the tracking of the low voltages is simpler since the difference between the input 

and output voltages is lees. For higher DC voltages a larger duty ratio is needed and this impacts the performance of the 

controller but with the proposed switch-inductor and capacitor blocks a part of the voltage boosting process is done by 

these blocks that can help the switch with lower duty cycles. As can be seen from figure 12, the output voltage is tracking 

the reference voltages and the controller's reaction is considerable. When the reference voltage changes, the controller 

receives the desired voltage and currents with a short damping time and limited voltage and current fluctuation.  

 

For the simulation process in MATLAB, JIYANGYIN 200W PV panels are used. The test has been done under 45°C. 

Each panel generates about 200W power and the proposed DC-DC converter is applied to fix the output voltage at the 

20, 150, 200, and 300 VDCs.  

 

Figure 13 presents the efficiency of the converter under the proposed PID controller with 1000W output power with the 

conventional boost converter at the same working conditions and output voltages.  

 

 

Figure 13. Efficiency comparison for the selected and cascaded converters. 
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5. Conclusion 

An improved SEPIC-based buck-boost DC-DC converter has been provided to operate both as a boost and as a buck 

topology to be used in solar panel applications. Switched-capacitor and switched-inductor structures that can be used in 

the circuit were examined. Since for grid applications, a high voltage approached is more important. Therefore, the 

converter's reaction in boost mode and the switched-inductor structure was considered in more detail. Thanks to this 

structure's use, the duty ratio was decreased compared to the non-attached version of this structure, and a longer and 

stable operation of the circuit was planned. A controller has been designed for the circuit. Using the mathematics of this 

converter circuit, the PID controller was added to the system and operated carefully. The controller's main equation is 

considered according to the mathematical relations between the output voltage and one of the current equations of the 

inductors or voltage equations of the capacitors. The selected equation has the minimum complexity and has more 

suitable for hardware implementations. 
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