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RESUMEN 

Este trabajo presenta el control del flujo de potencia de un sistema de energía renovable 

usando un conversor multipuerto DC-DC reductor - elevador de cuatro puertos (BBFPC). El 

sistema se diseñó considerando el perfil de irradiación de Cumbayá – Ecuador. El BBFPC 

dispone de dos paneles solares, una batería y una carga resistiva. Se utiliza la modulación por 

desplazamiento de fase y ancho de pulso para regular el voltaje de salida. El control 

supervisorio se utiliza para cambiar entre los diferentes modos de operación del sistema: Modo 

Perturbador y Observador MPPT, Modo de carga de la batería usando el controlador de lógica 

difusa y el modo de descarga de la batería usando controladores PID. El trabajo presenta y 

analiza los resultados obtenidos mediante simulación.  

Palabras clave: Control Difuso, Control Supervisorio, Conversor de Cuatro Puertos, 

Conversor Multipuerto, Reductor-Elevador. 
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ABSTRACT 

This work presents the Control of Power Flux of a Renewable Energy System using a 

DC-DC Buck-Boost Four Port Converter (BBFPC). The system was designed considering an 

irradiation profile from Cumbayá-Ecuador. BBFPC manages two Solar Panel Arrays, a 

Battery, and a Resistive load. Phase Shifted - Pulse Width Modulation is used to regulate the 

output voltage. A supervisory control is used to switch among different operation modes of the 

system: Perturb and Observe MPPT mode, battery charging mode using Fuzzy Control and 

battery discharging mode using PID controllers. The paper presents and discusses results 

performed by simulation. 

Key words: Buck Boost, Four Port Converter, Fuzzy Control, Multiport Converter, 

Supervisory Control.  
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NOMENCLATURE 

BBFPC  Buck-Boost Four Port Converter  

BESS   Battery Energy Storage System  

FBC   Full Bridge Converter 

GSA   Global Solar Atlas  

MPC   Multiport Converter  

MPPT   Maximum Power Point Tracking  

P&O   Perturb and Observe  

PSM   Phased Shifted Modulation  

PV   Photovoltaic  

PWM   PulseWidth Modulation  

RES   Renewable Energy Sources  
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I. INTRODUCTION 

There is a notable increase of using Renewable Energy in last year, meanwhile fuel 

consumption has declined [1]. Renewable Energy Sources (RES) such as photo-voltaic, wind, 

fuel cell, and other Energy Storage technologies experience intermittency in power generation. 

However, they play a key role in the future to decarbonize the power sector as an essential part 

of a stand-alone power system supply [2]. To interface an Energy Storage System into a 

Renewable Energy System, power electronic converters are required. Various topologies of 

power electronics converters have been proposed over the years [3]. Nonetheless, Multiport 

Converters (MPC) topologies have become important because they can interface several 

renewable power sources, such as multi-channel PV panels, hybrid PV, wind turbines, and 

storage systems at the same time [4]. 

Traditional DC-link converter topologies are easier to control, since they handle fewer 

active power switches. Nevertheless, one of the advantages of Multiport Converters is their 

ability to extend the number of ports according to the application up to N-ports [5]. There are 

three types of Multiport Converters depending on the topology: fully isolated, fully non-

isolated and partly isolated. Some of them are based on DC-DC converters such as: Buck - 

Boost, Sepik, CUK, among others [6]. For this case of study, a Buck-Boost Four Port Converter 

(BBFPC) topology is chosen, which has: one isolated unidirectional load port, two non-isolated 

PV ports, and one non-isolated bidirectional battery port [6].  

The focus of this work is to control the power flux of the whole system, maintaining 

the constant supply of energy to the load according to its requirements, regardless of the 

variations of the renewable resource. Considering that emerging high-speed Silicon Carbide 

(SiC) and Gallium Nitride (GaN) power semiconductor devices offer significant design and 

performance-based benefits over common MosFET devices [7]. Also, these devices improve 
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power conversion systems efficiency. The system proposed uses High Speed MosFET with a 

switching frequency of 100 [kHz].  

To control the system, three operating modes are established according to load 

requirements and solar irradiation profiles. The data are selected from the Global Solar Atlas 

or “GSA” in a specific location of Cumbayá – Ecuador. Moreover, the algorithm of Maximum 

Power Point Tracking used for extracting maximum power from PV arrays is Perturb and 

Observe (P&O). The control techniques applied for charging and discharging battery are Fuzzy 

Logic Controller and PID Controller respectively. Pulse Width Modulation (PWM) Technique 

and Phased Shifted Modulation (PSM) is used to control the Buck-Boost Four Port Converter.  

This paper is divided in the following sections. In section II, the DC-DC Buck- Boost 

Four Port Converter is analyzed, as well as its principle of operation and modulation scheme. 

In section III, the proposed system is described considering important design aspects. In section 

IV, the proposed control system scheme is developed. In section V, simulation results and 

performance of the BBFPC is presented. Finally, in section VI, conclusions are given. 
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II. THEORETICAL FRAMEWORK 

A. DC-DC Buck-Boost Four Port Converter  

This topology combines two Bidirectional DC-DC converters. In Figure 1 is depicted 

the BBFBC, where it can be seen three sources called V1, V2, and V3. Each power source can 

deliver power to the load. Additionally, V2 and V3 sources can feed V1. Hence, three ports are 

non-isolated, and the load port is isolated by a transformer. This feature represents an 

advantage, because power flux in each port can be controlled by a modulation scheme, which 

will be described below [6].  

 

Figure 1: BBFPC topology 

B. Operation Analysis of the Buck- Boost Four Port Converter  

In this case of study, BBFPC manages two Solar Panels Arrays, a BESS, and a resistive 

load. As can be seen in Figure 2, the BBFPC has four power switches S1, S2, S3, and S4 that 

operate in a complementary state for each leg. Also, the first leg is similar to a boost converter 

in which S1 and S2 connect with Solar Panel Array 1 (PV1) and the battery through Inductor 

1 (L1). On the other hand, the second leg contains S3 and S4 that interface Solar Panel Array 
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2 (PV2) with the battery through Inductor 2 (L2). Moreover, power transfer of PV1, PV2 and 

the battery are controlled by duty cycle δ1, and δ2 of each leg, respectively. The Full-Bridge 

Converter (FBC) is formed by D1, D2, D3, D4, which rectifies the voltage in the secondary 

side. Besides, an LC filter smooths the Load Voltage (VL) and Current Load (ILo).  

 

Figure 2: Proposed Buck Boost Four   Converter 

The square-wave voltages of each switching leg Va and Vb are Phased Shifted by the 

ϕ angle. Additionally, it controls the voltage at the primary side of the transformer Vab. As a 

result, each leg of power switches form a boost converter, which conversion voltage is defined 

by the following equations [6]:  

𝑉𝐵 =
𝑉𝑃𝑉1

1 − 𝛿1
=

𝑉𝑃𝑉2

1 − 𝛿2
 (1) 

{
𝑉𝑃𝑉1 =  (1 − 𝛿1)𝑉𝐵

𝑉𝑃𝑉2 = (1 − 𝛿2)𝑉𝐵
  (2)  

In equation 2 VB is the Battery Voltage, VPV1 and VPV2 are the Voltage of Solar 

Panel Array 1 and 2, respectively. Likewise, Duty Cycle of leg 1 and 2 are called δ1, and δ2. 

Therefore, the calculation for the Load Voltage (VL) is in the following equation [6]: 
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𝑉𝐿 = {
𝑛𝑉𝐵 [

𝜙

π
 (1 − Δδ21) + 2Δδ21 − 2Δδ212] , Δ𝛿21 > 0

𝑛𝑉𝐵 [
𝜙

π
 (1 + Δδ21)] , Δ𝛿21 < 0

  (3) 

Where, the number of turns of the transformer is n. Also, the relation of δ21 = δ2-δ1. 

Thus, there are two main conditions δ21 greater than zero and δ21 lower than zero. According 

to these equations, δ1 and δ2 are used to control power flux between Solar Panel Arrays and 

BESS, and ϕ angle is used to regulate the voltage Vab. Therefore, some constraints must be 

met to control the output variable VL. The restrictions are shown below [6]:  

{

𝜙

2𝜋
≤ 𝛿1

𝜙

2𝜋
≤ 1 − 𝛿2

  (4) 

𝜙

2𝜋
 ⩽  𝛿1 𝑎𝑛𝑑 

𝜙

2𝜋
 ⩽  1 −  𝛿2  (5)  

The modulation scheme in Figure 3 is based on the key waveforms presented in [6]. It 

shows the Phase Shifted - Pulse Width Modulation generation. It occurs at the crossover of the 

reference deltas and the saw-tooth. Further, the phase shift between each saw-tooth is 

controlled by the angle ϕ. For this MPC, the modulation scheme has six switching states 

described following:  

• Switching State I: This state occurs between times t0 and t1. Therefore, S2 and S3 are 

ON. Inductor 1 is charging and Inductor 2 is discharging. The secondary side of the 

transformer is short circuit by diodes D1 to D4 because they are supplied by the current 

ILo.  

• Switching State II: This state goes from t1 to t2. In this state, S2 and S3 remain ON to 

supply the load. D2 and D3 are forward biased.  
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• Switching State III: In t2 - t3, Power Switches S2, and S4 are ON, the Inductor Current 

1 (IL1) remains increasing and Inductor Current 2 (IL2) starts to grow as well. Diodes 

D2 and D3 are forward biased.  

• Switching State IV: This state happens between times t3 and t4. S1 and S4 are ON, thus 

Inductor Current 1 (IL1) begins to decrease and Inductor Current 2 (IL2) is still 

charged. Also, Output Inductor Current (ILo) is freewheel through diodes D1 to D4.  

• Switching State V: In Switching State V, from t4 to t5, power switches S1 and S4 are 

ON, D1 and D4 are ON as well, thus the load is supplied by power sources.  

• Switching State VI: Finally, at t5 - t6, S1 and S3 are ON. Output Inductor Current (ILo) 

is flowing through diodes D1 to D4. Inductor Current 1 (IL1) and Inductor Current 2 

(IL2) are decreasing. 

 

Figure 3: Modulation Scheme and BBFPC wave-forms [6]. 
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III. PROPOSED SYSTEM  

This section shows the design aspects of the proposed BBFPC. The Renewable System 

is shown in Figure 2. It is designed considering the irradiation profiles taken from the Global 

Solar Atlas in Cumbayá - Ecuador. The following subsections show important design aspects 

of the DC-DC BBFPC components:  

A. Power MosFET  

The devices chosen for both legs of the BBFPC are high switching frequency MosFETs. 

The Switching Frequency (fs) is 100[kHz]. The main parameters are shown in Table I.  

Table I. MosFET [8]. 

Device Parameter Value 

 MosFET  

[100KHz] 

Ron  45 [mΩ]  

Lon  30[nH]  

Rd  4 [Ω]  

Vf  4.60 [V]  

Rs 100 [kΩ] 

B. Battery  

Table II. Battery Specifications [9]. 

Device Parameter Value 

Lithium - Ion Battery  

Nominal Voltage   74[V ] 

Rated Capacity 20[Ah] 

Battery response time 550[ms] 

Maximum Capacity  20[Ah] 

Cutt-off Voltage  55.50[V ] 

Fully Charged voltage  86.135[V ] 

Nominal Discharge Current  8.6957[A] 

Internal Resistance  77[mΩ] 

Capacity at nominal Voltage 18.087[Ah] 

Exponential Zone  [V Ah] [79.9486 0.982609] 

Discharge Current  [i1,i2,i3][A]  [6.5 13 32.5] 
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To choose an adequate device, it is important to consider the amount of time during a 

day that the BESS is charging and discharging. Therefore, it must be selected considering a 

power balance between the State of Charge and the State of Discharge. Thus, no matter 

irradiation changes during the day it has to be able to supply the load requirements. Therefore, 

the selection of a battery with the mentioned features are summarized in Table.II.  

C. Solar Panel Arrays  

Due to the boost topology performance of the BBFPC legs, Solar Panel arrays must 

generate a lower voltage than the Battery (VB). Moreover, for this application, two Solar 

Panels are connected in parallel considering the sort for the system autonomy. The main 

features are presented in Table.III.  

Table III. Solar Panels Specifications [10], [11]. 

Device Parameter Value 

Solar Panel 1 

Power_max  370[W] 

Voc  47.33[V ] 

Vmp  Vmp 39.51[V ] 

Voc (%/deg.C)  -0.29 

Ncell 60 

Isc 9.77[A] 

Imp  9.37[A] 

Isc (%/deg.C)  0.05 

Performance%  20.51% 

Solar Panel 2 

Power_max  530[W] 

Voc  49.54[V ] 

Vmp  42[V ] 

Voc (%/deg.C)  -0.35 

Ncell 60 

Isc 13.34[A] 

Imp  12.62[A] 

Isc (%/deg.C)  0.06 

Performance% 21.66% 
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D. Inductors Design  

Inductor 1 (L1) and Inductor 2 (L2) must have the same value to maintain a current 

balance in the BBFPC. Regarding Equation 6 [12], L1 = L2 = 72[µH]:  

𝐿1 =  𝐿2 =  
𝑉𝐵(1 −  𝛿)

 ∆𝐼𝐿1  𝑓𝑠 
  (6)  

E. Blocking Capacitor  

The blocking capacitor (C2) is chosen considering an asymmetrical operation of the 

BBFPC’s switching legs. Therefore, the voltage of C2 depends on Equation 7 [12]. 

Specifically, the value chosen for this case of study is C2=15[µF].  

𝑉𝐶2  =  𝑉 𝐵 [ (𝛿2 +
𝜙

2𝜋
 −  𝛿1) −

𝜙

2𝜋
]  (7)  

F. Transformer  

An ideal transformer is chosen with a number of turns (n) ratio equal to 1:1. However, 

for simulation purposes, a resistor Rt of 1[MΩ] was added in parallel to the transformer. 

Moreover, the Leakage Inductor (Lk) has a typical transformer value of 0.45[µH] [13]. 

Nevertheless, the maximum leakage value can be calculated by Equation 8 [12], where PL is 

the power delivered to the load:  

𝐿𝑘 = (
𝑛2𝑉𝐿2

4𝑓𝑠𝑃𝐿
) (

2

𝑛

𝛿𝑚𝑎𝑥

2𝜋

𝑉𝐵

𝑉𝐿
 −  1)  (8) 

G. Rectifier  

A Full-Wave Bridge Rectifier is connected to the secondary side of the transformer to 

deliver DC current to the load. It is important to note that current flows through diodes pairs 
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D1 and D4 as well as D2 and D3 depending on the switching state. Moreover, diodes D1 - D4 

have ideal parameters.  

H. Load and Filter  

This case of study considers a load represented by RL = 10[Ω]. Moreover, in nominal 

conditions, the load will consume 6 [A] and 60 [V]. As a result, Load Power (PL) consumption 

is approximately 360 [W]. Besides, the LC load filter is designed for a current ripple of 10% 

of nominal load current, and a voltage ripple of 5% of nominal load voltage. The values for 

this system are Lo = 83.33[µH] and Co = 130.46[µF][12].  
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IV. CONTROL SCHEME OF BBFPC  

In Figure 4, the Control Block Diagram of the whole system is presented. The following 

subsections describe the main points of the power flux control of the BBFPC.  

 

Figure 4: Control Block Diagram 

A. Operation Modes of the System  

The system is conditioned by the amount of solar irradiation available. The Figure 5 

displays the average hourly irradiation profile per month during a whole year, in Cumbayá, 

Quito - Ecuador. Moreover, the profile used for the simulations is in light blue and it represents 

the average solar irradiation obtained in a year.  

Subsequently, Figure 6 indicates each operation mode of the system separated by 

vertical green lines. This case of study contemplates 3 modes of operation. The system 

prioritizes feeding the load through the Solar Panel Arrays and battery. It is important to 

consider the SOC to manage the battery performance. The operation modes are described 

below:  
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Figure 5: Cumbayá Average hourly irradiance profile monthly and annually [14]. 

• Mode A: The power of the Solar Panels Arrays is lower than the minimum power due 

to the solar irradiation being close to zero. Therefore, only the battery supplies power 

to the load.  

• Mode B: The power of Solar Panel Arrays is not enough to supply the load. Thus, 

battery and PV supply power to the load. In this case-scenario, PV works under the 

Perturb and Observe MPPT algorithm. 

• Mode C: The power of Solar Panel Arrays is greater than the power demanded by the 

load. Therefore, PV supplies the load and charges the battery.  

 

Figure 6: Operation Modes. 
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B. Supervisory Control  

Full control of the system is based on the operation modes mentioned above. In 

addition, Figure 4 presents the proposed control block diagram of the system. Supervisory 

Control measures the voltage and current of each device such as Battery, PV1, PV2, and Load. 

Then, all the obtained values are used to calculate Baterry Power, PV Power, and Load Power. 

Finally, power values and battery SOC are compared to select the system operation mode. The 

conditions for the correct operation of the system are illustrated in the flowchart in Figure 7. 

Finally, Supervisory Control determines the control variables that will be used by the case 

selector to identify each operation mode.  

C. Maximum Power Point Tracking Algorithm  

For this case of study, the P&O MPPT algorithm is performed during operation mode 

B. It should be noted that this algorithm takes the voltage and current measurements to calculate 

the power. Then, the calculated power value and voltage measurement are compared with the 

previous data. Thus, the algorithm determines if it is required to increase or decrease the output 

voltage reference [15]. As a result, the proposed system will take this reference to calculate the 

error. Consequently, it is the input for the PID controller that determines the respective δ1 and 

δ2 for PV1 and PV2 respectively. It is important to mention that small increments in the 

algorithm will help to keep the system stable when the panel operating conditions change [15].  

D. Battery Charging Process  

The surplus power during operation mode C is used to charge the battery and supply 

the load. A Fuzzy Logic Controller (FLC) is used for Battery Charging Process. This control 

technique does not require the transfer function of the system, which is an advantage for 

processes in which quantitative techniques require a complicated analysis [16], [17]. The 
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voltage and current Fuzzy Logic Controllers designed for the system has the following 

characteristics:  

• The error and error variation are the inputs of FLC.  

• The membership functions have a triangular shape.  

• The fuzzification stage has five fuzzy sets distributed in a range. The fuzzy sets are: 

Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS) and Positive 

Big (PB).  

• Bisector method is used in the defuzzification process. It calculates the weight of each 

triangular shape membership function based on the average of the centroid volume.  

• The rules determine the behavior of the controller and are summarized in Table. IV. 

They have been programmed according to the behavior of the system. Where, H = High, 

UM = Upper Middle, M = Middle, L=Low, LM = Low Middle.  

Table IV. Fuzzy Rules. 

de  \   e NB NS Z PS PB 

NB L L L LM M 

NS L L LM M UM 

Z L LM M UM H 

PS LM M UM H H 

PB M UM H H H 

E. Battery Discharging Process  

Battery Discharging Process contemplates the operation modes A and B. When the 

battery is discharging, the among of power that the load requires is sent to the secondary side 

of the transformer using the BBFPC. To maintain a constant voltage Vab in the load side, a 

Proportional-Integral-Derivative (PID) control was developed and tuned. These controllers 

calculate the correct value of ϕ angle, considering the restrictions presented in Equation 4. 
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V. SIMULATION RESULTS  

In this section, the results of the simulations performed in the Matlab-Simulink software 

are presented. There are some important testing conditions for the correct operation. For 

example, the sampling time of the simulation tm = 0.1[µs], was chosen to have enough points 

per period, since the system works at a switching frequency of 100 [kHz]. Therefore, the 

computational cost becomes evident due to the large amount of calculations and data handled 

by the proposed scheme. For this reason, the original irradiation profiles are scaled to a time of 

0.0024 [s]. 

 

Figure 7: Supervisory Control Flow Chart. 

System operation conditions the curves in Figure 8. Indeed, they are similar to the wave-

forms presented in Figure 6. However, a distinction is made between the operation modes in 

which the system works. On one hand, the power of the load is almost constant during the 

whole profile at around 360[W].  



26 
 

 

 

Figure 8: Total PV1 + PV2 Power and Load Power. 

On the other hand, voltages, currents, solar irradiation, and temperature of PV1 and 

PV2 are displayed in Figure 9. It is important to mention that both panels receive the same 

irradiation profile. This case of study considers that the renewable power sources will be 

installed at the same place. Likewise, it is observed that the temperature remains in normal 

conditions since its variation would imply other considerations that are not part of the focus of 

this work. Hence, it is observed that the generated power is used as defined in the supervisory 

control. In brief, solar panels power is used during the irradiation time to supply the load. 

However, when the power is less than the load demands, the battery continues in discharge 

mode to contribute energy along with the panels. Also, when there is surplus panels power, 

they supply the load and battery goes into charging mode.  

Regarding the wave-forms shown in Figure 10, negative battery power shows the 

charging mode that corresponds to the surplus power period. Indeed, the negative sign of 

Battery Power is due to the measuring instrument and indicates that the battery is charging. It 

is important to note a transient at the beginning of the simulation results. It occurs due to the 

initial conditions of the simulation. For instance, the system starts the simulation with zero 

values at currents and voltages in inductors and capacitors, respectively. In addition, small 

oscillations can be noticed at the selection of the operation modes.  
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Figure 9: Panels Measurements. 

 

Figure 10: PV1 Power, PV2 Power, Load Power, Battery Power. 
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The measurements depicted in Figure 11 are adjusted to observe in detail two periods 

of steady state wave-forms. As a result, the modulation scheme presents the switching of the 

MosFET due to the Phase Shifted Pulse Width Modulation. Consequently, the ϕ angle regulates 

the voltage at the output of the BBFPC.  

 

Figure 11: Modulation Scheme, Vab, Inductor 1 Current (IL1), Inductor 2 Current (IL2), 

Primary Current (Ip) and Load Current (IL). 

In addition, the steady-state current peaks of IL1 and IL2 are in the range of [- 2,2] [A]. 

The primary current is 6 [A] with a current ripple of 10%. This current is transferred to the 

secondary side of the topology. Then, considering the number of turns of the transformer, the 
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current flows through rectification and filter stages and reaches a DC value of 6 [A] in the load. 

Indeed, the wave-forms are consistent with the modulation scheme presented in Figure 3.  

The battery SOC, current, and voltage are in Figure 12. Thus, its performance indicates 

periods of charging and discharging according to the amount of power generated by the 

renewable resource. Discharge Battery mode appears at periods of low irradiation and 

Charging Battery mode is performed at high irradiation levels, to guarantee the self-

sustainability of the system during a full day. Indeed, as mentioned above Figure 12 displays a 

negative current due to the measuring instrument when the system is operating in Mode C.  

 

Figure 12: Battery SOC, Current and Voltage measurements. 
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VI. CONCLUSIONS  

In this paper, a renewable energy system for domestic application was designed 

considering a DC-DC Buck-Boost Four Port Converter. Then, the proposed scheme controlled 

the power flux in each port of the designed BBFPC. Also, the PID and Fuzzy Logic controllers’ 

operations were corroborated according to the operating conditions of the system. Finally, the 

performance in the three operation modes was verified by simulation. 

Further simulations are recommended to expand the focus of this case of study. They 

may include different solar profiles, temperature changes, incremental conductance for MPPT 

technique, or other renewable energy sources. Also, it is suggested to replace PID's controllers 

with fuzzy logic, predictive control, robust control, sliding mode control, etc. Consequently, a 

future implementation will have additional considerations to those presented in the simulations. 

For instance, commutation dead times, control and power isolation, switching frequency 

circuitry, drivers for SiC and GaN devices, among others.     
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