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Abstract 

A combined Single-Ended Primary-Inductor Converter (SEPIC) and Cuk DC-DC converter 

that provides a bipolar outputs voltage at the DC bus is widely used in applications especially 

solar photovoltaic (SPV) system. Maintaining constant output voltages at the DC bus under 

variable loads and input voltage from SPV is of great interest to many researchers. This paper 

presents a 400 W mathematical model of a combined SEPIC and Cuk DC-DC converter 

through state space averaging (SSA) in a continuous conduction mode (CCM). A nested 

voltage and current control loops are used to regulate voltage and increase the performance of 

the converter. These controls use Proportional-Integral (PI) controllers to track the desired 

input reference signal and eliminate any disturbance from the load. The entire model with its 

control algorithm was modelled in MATLAB/Simulink environment and validation results to 

evaluate its performance are presented. The controller was able to maintain required bus 

voltage of 24 V DC and -/+12 V at the output DC bus. DC bus voltage regulation was tested at 

varying input voltages and varying loads connected at the output, where, in all those scenarios, 

the converter could regulate its output voltage to required value.  

Keywords: Solar PV systems; Bipolar output DC voltage; Voltage regulation; Nested PI 

controllers 

 

Introduction 

Being clean, reliable and emission-free, 

solar photovoltaic (SPV) source is considered 

as one of the most promising renewable 

energy sources. The output voltage and 

power from solar PV panels depend on the 

solar irradiance, temperature and partial 

shading of the particular area (Justo and 

Mushi 2020; Zhang et al. 2011). Thus, DC 

output voltage of (SPV) module is not 

constant, however, most of DC loads require 

constant voltage. Therefore, SPV systems are 

integrated with controlled DC-DC converters 

to provide constant output voltages to loads 

from varying output voltage of SPV modules 

(Gupta and Garg 2017, Justo et al. 2013). 

Conventional DC-DC converters have been 

facing different problems such as primary 

loss and high voltage stresses in their 

switching devices. Moreover, conventional 

converters require high rated design 

equipment when required in handling large 

power (Arunkumari and Indragandhi 2017; 

Cao et al. 2017; Torkan and Ehsani 2018). 

Also, the DC output voltages from most of 

convectional power converters are unipolar, 

thus, are limited when it comes to inverter 

pairing options and multi-voltage 

applications. Sometimes, these conventional 

power converters typically lead to leakage 

currents and complexity when required to 

produce bipolar DC output voltage (Li et al. 
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2015, Ozkan and Hava 2012). That may lead 

to an increased running cost of SPV systems 

and their integration applications.  

DC-DC power converters range from 

isolated to non-isolated DC-DC power 

converters. Although, attention has been paid 

on isolated high-step converter, but they have 

been confronted with high switching stresses 

and low efficiency. This introduces barriers 

when using isolated DC-DC converters 

(Evran and Aydemir 2014; Li et al. 2012; 

Park et al. 2012). Non-Isolated DC-DC 

power converters include buck and boost 

power converters that give the output voltage 

less than and greater than the input voltage, 

respectively. The two configurations have 

few components making them easier to 

control and implement. However, these 

converters suffer from having limited range 

of output voltages and hence they have low 

efficiency (Vekhande and Fernandes 2012). 

Another type of power converter is the buck-

boost which is able to generate an inverted 

output voltage greater than or less than the 

input with ungrounded power switch 

(Muhammad et al. 2014). This requires a 

complex sensing and feedback circuit such as 

an inverting Op-Amp is needed for the closed 

looped feedback control that leads to poor 

performance when used for high gain 

application. Moreover, in this converter, the 

input current and charging current of output 

capacitor is discontinuous causing high 

voltage stresses to the switch that results in 

large size of filters (Durán et al. 2008; 

Pradhan and Panda 2018). Cuk and SEPIC 

converter has the same voltage ratio and 

polarity as buck-boost converter with the 

difference that they have two inductors. Also, 

Cuk and SEPIC converters have continuous 

input current that eliminates the use of large 

decoupling capacitors between SPVs and the 

input of Cuk converter. Unlike buck-boost 

converter, power switching device is ground-

referenced allowing the use of simple and 

cheap gate driver (Ferrera et al. 2015; 

Mwinyiwiwa 2016). Moreover, those 

converters can operate in combination or 

cascading more than one converter. 

Therefore, Cuk and SEPIC DC-DC 

converters in their combination are of great 

concern in this paper. 

DC-DC converters are integrated with 

control circuits or controllers so as to provide 

constant or fixed output DC voltage to the 

load from a varying SPV source (Dileep and 

Singh 2017, Taghvaee et al. 2013). There are 

different DC-DC Converters control 

techniques in which control techniques with 

simple and robust design, low cost and good 

performance at any circumstances are a great 

deal of interest (Bajoria et al. 2017). Some of 

these controllers’ voltage and current mode 

control that adapt PI controllers for their 

numerical methods algorithm. The other type 

is predictive control that achieves excellent 

control strategy; however, it lies in the 

necessity to develop accurate mathematical 

model for the control system. There are also 

other artificial intelligence methods such as 

fuzzy logic control, artificial neural networks, 

sliding mode control and hysteretic control 

(Chen et al. 2023; Lešo et al. 2018; Ma et al. 

2020). For the purpose of this research, 

traditional PI controller has been selected for 

the voltage and current mode control of the 

proposed converter as it is easy to design, 

robust, cheaper for industrial application and 

easy to set parameters. 

In this paper a 400 W SEPIC and Cuk DC-

DC converter equipped together with PI 

controllers for SPV applications is proposed. 

The converter aimed at producing constant 

bipolar output DC voltages of 12 V and 24 V 

at the DC bus from a varying 12 V solar PV 

system source. The PI controller was 

modelled and its performance with its 

converter is validated using 

MATLAB/Simulink software. This is the 

main motive behind this paper. This paper 

describes the proposed combined Cuk and 

SEPIC DC-DC converter and step to step art 

of mathematical modelling of a nested 

(cascaded) voltage and current control modes 

with PI controller. 

The rest of the paper is organized as 

follows: Section II highlights the description 

and mathematical modelling of the proposed 

DC-DC converter. Section III describes the 

detailed design and mathematical modelling 

of the control algorithms for the proposed 
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converter. Meanwhile, system parameters and 

extensive simulation studies together with 

simulation results and discussion on 

performance evaluation are presented in 

Section IV. Section V draws the main 

conclusion of the paper. 

 

Methods 

Descriptions of proposed Combined 

SEPIC and Cuk DC-DC converter 

The proposed DC-DC converter comprises 

of a combination of two converters namely 

Cuk and SEPIC DC-DC converters as 

shown in Figure 1, where Lin is the input 

inductor, L1 and L2 are Cuk and SEPIC 

transfer inductors respectively, C1 and C2 

are Cuk and SEPIC input capacitors and Co1 

and Co2 are output capacitors. D1 and D2 are 

diodes and S is the switching device. Cuk 

converter produces a negative polarity 

output voltage with respect to the positive 

polarity input voltage, whereas SEPIC 

converter produces a positive polarity output 

voltage. The combination of these converter 

holds due to the following reasons stated in 

the research of (Anand and Singh 2018) and 

in researches of (Ferrera et al. 2015; Ghosh et 

al. 2020; Litrán et al. 2020; Nathan et al. 

2019); 

• Cuk and SEPIC converters have 

continuous input currents and can both 

step-up and step-down voltages. 

• Both Cuk and SEPIC converters have 

same voltage conversion ratios with 

opposite polarities, hence they can be 

combined and share the same ground 

and switch that simplifies the 

implementation of the control strategies.  

• Cuk and SEPIC converters exhibit non-

pulsating input currents, but Cuk 

converter exhibit non-pulsating output 

current and SEPIC exhibit pulsating 

output current. This suggests the 

combination of these two converters at 

the same switching node. 

• Cuk and SEPIC structures are very 

versatile allowing to implement isolated 

and bidirectional versions. 

• These two converters have the same 

input structures and have the same 

number of components. 

• The combined converter uses a single 

switch configuration that helps to 

reduce switching stresses across the 

device due to available common mid-

point.  

 

Mathematical modelling of the Combined 

SEPIC and Cuk DC-DC converter 

The proposed DC-DC converter is 

analyzed in continuous conduction mode 

such that the input and output inductors are 

designed to operate in a continuous inductor 

current mode and output capacitors are 

designed such that voltages across them 

should remain continuous throughout the 

switching period. When the switch is ON to 

a period time of dT, capacitors are charging 

and inductor currents are decaying and verse 

vise to a period time of (1-d)T when the 

switch is OFF (T is the periodic time and d 

is the duty cycle of the switch). The whole 

process is mathematically analyzed as in (1)  

through (3) at the period when the switch is 

ON and in (4) to (5) at the period when the 

switch is OFF. 
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Figure 1: Formulation of the proposed DC-DC converter. 
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Under steady state operation assuming ideal 

and lossless components and ignoring higher 

ripples of the components, the parametric 

values of the converter’s components are 

determined using (6)  to (12). Converter’s 

specification in Converter’s specification in 

Table 1 give the parametric values of the 

components as they are shown in Table 2. 
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Table 1: Design specifications for proposed converter 

Parameter Values 

Input voltage range (VSmin to VSmax) 9.8 to 17.0 V 

Nominal output voltage (Vo) +/- 12 V 

Output power (Po) 400.0 W 

Input and output current ripples 

(ΔIL/IL) 

0.05 

Input voltage ripple (ΔV/VC) 0.08 

Output voltage ripple (Δvco/vco) 0.02 

Switching frequency (fsw) 50 kHz 

Moreover, the proposed converter is modelled using state space averaged (SSA) to have time 

depended variables x known as small signal variables or perturbed variables represented with 

cap (^). Therefore, by applying SSA and small signal perturb methods to dynamic and steady 

state equations of the two operating states of the converter, the new mathematical model of the 

converter is given as in (13); 

 

Table 2: DC-DC converter simulation parameters 

Parts/Parameters Designed Values 

Lin, L1, L2 119.6 µH, 169 µH, 169 µH 

C1, C2, Co1, Co2 234 µF, 78 µF, 765 µF, 8.68 

µF 

             (13) 

in which the variables of x are such that; 
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Controller Design for Proposed DC-DC 

Converter 

The key point in the control scheme is to 

maintain the constant output voltages at the 

best performance of the converter. In this 

design, the following considerations are 

considered as: 

• Switching device and diodes are 

considered ideal. 

• The system is operating in CCM 

• Very small input and output ripples are 

considered 

• All internal resistances of passive 

elements are neglected 

As shown in Figure 2 the control structure 

comprises a nested control loop (voltage and 

current control loops). The current control 

decouples the current inductor control from 

that of the capacitor voltage control. 

Therefore, the current loop controls inductor 

current against any variations of parameters 

which increases the versatility of control 

scheme. The design is in such a way that 

inner loop (current control) is faster than the 

outer loop (voltage control). In both control 

loops, PI controller is used to track the 

desired reference input signals with reference 

to the measured signal and control duty cycle 

to the converter is provided by inner loop. 

The general transfer function of the PI 

controller in closed loop is given as (14) 

(Ogata 2010)  

 

 
Figure 2: A nested voltage and current control. loops. 

                                 (14) 

 

Outer Voltage control loop 

 Consider the Figure 3 below representing the voltage control, the identical block I is used as 

inner control loop. If the output voltage is not dynamic, then, the feedback transfer function, 

H(s) = 1.  

 
Figure 3: Outer voltage control loop. 

 

Thus, using (13), the final transfer function 

from inner loop to output voltage 

(vco2(s)/d(s)) is given as (15), where, yi and xi 

are constants in which their values depends 

on converters’ passive elements values, 

steady state duty ratio and passive component 

voltage ratings. The resulting transfer 

function is the 4th order system, then the PI 

controller is tuned using Ziegler-Nichols 

approach as in (Bajoria et al. 2017; Ogata 

2010; Rabiaa et al. 2019) to have a final 

closed loop function (Houter(s)) of outer 

control loop as expressed in (16). The PI 

values are 0.0001 and 20 respectively. 
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   (15)  

   (16)  

where; x and y are constant parameters that 

depend on power converter’s passive 

component values and QN is equal to 1560. 

 

Inner Current control loop 

Using the same procedures applied for 

voltage control loop and considering Figure 4 

the transfer function for current control loop 

is given as in (17) below. 

 

PIinner
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Figure 4: Inner current control loop. 

 

    (17)  

where: 

 

  

  

  

  

 

       

Again, the resulting transfer function is of 

higher order system, therefore with proper 

tuning of PI controller parameters which are 

0.0064 and 32.5, the final inner loop closed 

transfer function (Hinner(s)) is given as (18) 

where; x and y are constant parameters that 

depend on power converter’s passive 

component values and QD is equal to 20000. 

     (18) 

 

Results, Performance Validation and 

Discussions 

The proposed model and its control strategy 

as in Figure 5 was modelled in 

MATLAB/Simulink. The performance of the 

proposed DC-DC converter is validated 

under two scenarios as explained in sub-

sections below, where, the first scenario is 

under varying DC output load and the second 

scenario is under varying input voltage from 

SPV. 

 

 



Stephano et al. - Performance of a Bipolar Output Voltage DC-DC Converter for Voltage … 

562 

SPV 

Array

CoCuS DC/DC 

Converter

Control 

strategy

Vpv

Ipv

Vpv

Ipv

vo2

iL2

Switching 

pulses

L
o
a
d

 
Figure 5: Proposed model of CoCuS DC/DC converter and control strategy. 

 

Converter’s performance under load 

variations 

Under load variations, the converter was 

first operated to supply a constant load of 100 

W at a constant input nominal DC voltage of 

12 V from SPV system. Then, the load was 

gradually added to the converter at the period 

of 0.35 sec, 0.6 sec where the load was 

increased to 160 W and 200 W respectively 

as shown in Figure 6. Regardless the changes 

in DC loads connected to the converter, the 

proposed converter was capable of 

maintaining the constant DC output voltages. 

As shown in Figure 7 and Figure 8, the 

converter is capable of providing constant 12 

V voltage on both positive and negative 

terminals. Moreover, the converter is able to 

produce constant 24 V DC voltage at the 

positive and negative terminals of the 

converter. 

 

Converter’s performance under input 

voltage variations 

Since the output voltage from SPV system 

stochastic, therefore, the performance of the 

converter was also observed under varying 

input voltages. As shown in Figure 9 and 

Figure 10, the proposed converter could 

manage to maintain constant output voltages 

of +12 V to constant -12 V at the DC bus. In 

this case, the solar irradiance was varied from 

900 W/m2 to 1150 W/m2 and gradually 

decreased to 700 W/m2. In all those cases of 

varying insolation, also the output voltage 

from SPV varied too. However, as the 

requirement, the proposed converter could 

maintain the constant bipolar output voltages.  
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Figure 6: Load output current and power for varying DC load. 

 

 
Figure 7: Bipolar positive and negative output voltage with load change. 
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Figure 8: Terminal output load voltage with load change. 

 

 
Figure 9: Solar irradiance, PV current and voltage variations. 

 
Figure 10: Output voltage of the converter at varying SPV parameters (solar irradiance). 
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Quantitative Comparison of the Proposed 

DC-DC Converter 

The proposed combined SEPIC and Cuk 

DC-DC converter is compared with its 

counterpart buck-boost DC-DC converter by 

comparing their efficiency at different loads 

and voltage gain at different duty cycles.  

Efficiency Comparison Analysis 

The efficiency of the two converters (buck-

boost and proposed DC-DC converters) is 

determined using loss calculation methods as 

described in (Babaei et al. 2016; Shen et al. 

2006). The efficiency (η) of buck-boost and 

proposed DC-DC converters is given by (19), 

where Po is the output power to the load, Pin 

in the input power to the converter.  

                     (19) 

Table 3 and Figure 11 show efficiency of 

two converters at different loads. From those 

results, it is shown that buck-boost converter 

has better efficiency at a load of 100 W, but 

as load increases, efficiency of buck-boost 

converter is poor compared to a proposed 

converter. Therefore, buck-boost converter 

shows greater performance under light loads 

and shows poor performance when load 

increases. However, the proposed combined 

SEPIC and Cuk DC-DC converter shows 

high efficiency of above 96% to all loads 

connected to it. This depicts advanced 

application of this bipolar output voltages 

DC-DC converter. 

 

Table 3: Efficiency comparison under different loads 

Load (W) Efficiency (%) 

Buck-Boost 

converter 

Proposed 

Converter 

100 98.51 97.73 

150 87.07 96.12 

200 86.35 94.93 

250 85.76 94.50 

300 85.29 93.90 

350 85.29 92.83 

 
Figure 11: Efficiency curves of proposed and buck-boost DC-DC converters at different 

loads. 

 

Voltage gain Comparison Analysis 

Voltage gains of buck-boost and combined 

SEPIC and Cuk DC-DC converters are 

determined using (20) and (21) respectively, 

where d is the duty cycle, Vo is the output 

voltage and Vs is the input voltage. Figure 12 

and Table 4 show the comparison of buck-

boost and proposed DC-DC converters 

voltage gain at different duty cycles with 

constant input voltage of 12 V and DC 

resistive load of 300 W.  

                

(20) 

          (21) 

From those results, it was shown that both 

converters start boost operations in lower 
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duty cycles, but the proposed converter 

showed a greater voltage gain compared to 

buck-boost converter. The voltage gain of the 

proposed converter was almost twice of that 

of the buck-boost converter. 

 

 

 
Figure 12: Simulated Voltage gain curves of proposed and buck-boost DC-DC converters at 

different duty cycle. 

Table 4: Proposed and buck-boost converters’ voltage gain at different duty cycle 

Duty 

Cycle 

(d) 

Output Voltage (V) Voltage Gain 

Buck-Boost 

converter 

Proposed 

Converter 

Buck-Boost 

converter 

Proposed Converter 

0.1 0.531 1.397 0.044 0.116 

0.2 2.184 4.93 0.182 0.411 

0.3 4.283 9.63 0.428 0.803 

0.4 7.043 15.6 0.587 1.300 

0.5 10.77 23.42 0.896 1.952 

0.6 15.98 35.28 1.332 2.940 

0.7 23.45 50.90 1.954 4.242 

0.8 33.37 72.38 2.781 6.032 

0.9 37.39 82.24 3.116 6.853 

Conclusion and Recommendations 

The performance of a combined Cuk and 

SEPIC DC-DC converter with bipolar output 

voltage for SPV application is discussed in 

this paper. The converter was able to 

maintain constant output voltages at varying 

DC loads and output PV voltage. Moreover, 

the performance of the proposed converter 

was compared with that of buck-boost DC-

DC converter. The proposed converter has 

high efficiency above 96% and high gain 

compared to its counterpart buck-boost 

converter. The proposed converter applied 

the conventional commonly used PI 

controller to provide required signal, 

however, the converter parameters assumed 

linearity of the converter. However, the 

converter is not linear as it was assumed. 

Therefore, the future perspectives of this 

research focus on advanced control 

techniques such as mode predictive control 

and adaptive control for analysis the 

performance of the novel DC-DC converter.   
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