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This research presents a unique configuration to enhance the efficiency of a hybrid 

photovoltaic-battery energy system. The system combines a fuzzy logic PID controller to 

control the DC bus voltage with a three-level inverter (3LI) and three-level boost converter 

(3LBC) to achieve optimal energy consumption. To achieve maximum power extraction 

from the solar generator and maintain capacitor voltage balancing, a double-loop control 

system employs a perturbation and observation (P&O) algorithm for maximum power 

point tracking (MPPT) and proportional integral (PI) regulators. Furthermore, a three-level 

inverter NPC guarantees effective power transmission to the AC load. In the event of a 

power imbalance due to fluctuations in solar radiation or an AC load, a buck-boost 

converter (BBC) facilitates bidirectional energy transfer between the DC connection and 

the battery energy storage (BES). The PID controller uses a fuzzy logic controller (FLC) 

to determine its parameters. The study shows that using simulations on the 

MATLAB/SIMULINK platform to test the 3LBC and the fuzzy PID (FPID) controller can 

get rid of total harmonic distortion (THD) and improve system performance. 

Keywords: 
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level inverter NPC, FPID, DC link voltage 

1. INTRODUCTION

Due to its potential to improve energy sustainability and 

grid stability, the integration of renewable energy sources, 

especially photovoltaic (PV) systems, with energy storage 

systems (ESS), such as batteries, has gained significant 

interest recently [1]. In these hybrid energy systems, efficient 

energy conversion and management are critical to achieving 

maximum resource utilization and overall system performance 

[2]. The boost converter, which is essential to these systems, 

controls voltage levels and maximizes power extraction from 

the PV array [3]. However, typical boost converters may 

restrict the efficiency, accuracy of control, and flexibility to 

operate in dynamic environments. 

Numerous studies [4-7] have explored the use of three-level 

boost converters in photovoltaic systems, aiming to address 

these limitations. These investigations have proposed novel 

topologies and evaluated the performance of such converters 

for (MPPT) and grid integration. Results have shown 

improved efficiency, better voltage regulation, and reduced 

harmonic distortion compared to traditional converters. 

Moreover, the integration of energy storage systems further 

enhances system capabilities by intelligently managing 

surplus power during periods of excess energy generation and 

utilizing stored energy during low generation periods. This 

mitigates the intermittency of renewable sources and ensures 

a continuous, stable power supply to the connected load [8]. 

In connecting photovoltaic systems with energy storage 

systems to variable loads, the choice of a three-level NPC 

inverter offers several advantages, including improved voltage 

quality, reduced harmonic distortion, and enhanced system 

efficiency. This inverter's three-phase output capability makes 

it suitable for integration into existing power distribution 

systems [9, 10]. 

In stand-alone hybrid energy systems, maintaining stable 

DC-link voltage is crucial for reliable performance. Various

technical control strategies, such as proportional-integral (PI)

control [11], fractional order PID (FOPID) [12], sliding mode

control [13], and novel SSA-PSO-DSMC control [14], have

been developed for effective regulation [15].

Moreover, the contribution of this paper lies in presenting a 

new configuration for enhancing the performance of hybrid 

photovoltaic-battery energy systems. By integrating a 

3LBC,3LI, and a FPID controller for DC bus voltage, the 
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system aims to optimize energy utilization. Through 

simulation on MATLAB/SIMULINK, the study shows that 

this setup effectively minimizes THD, leading to improved 

system performance. Furthermore, we present a 

comprehensive analysis of a proposed configuration for a 

photovoltaic (PV) system, along with the modeling and control 

strategies employed. Section 2 outlines the proposed 

configuration, highlighting its key components and their 

interconnections. This section offers a detailed overview at the 

architecture of the hybrid system, detailing the integration of 

the photovoltaic array, battery storage, and the associated 

power electronic converters. Subsequently, in Section 3, we 

delve into the modeling and control techniques tailored 

specifically for PV systems, elucidating their significance in 

optimizing performance and efficiency. This section includes 

mathematical modeling of the PV array and battery storage, as 

well as the control algorithms implemented to maximize 

energy harvesting and ensure reliable operation under varying 

environmental conditions. Additionally, we introduce the 3LB 

DC-DC converter in Section 4, a critical component within the 

proposed configuration, and discuss its role in enhancing 

power conversion efficiency. This section explores the design 

principles of the 3LBC, its operational benefits, and its impact 

on reducing switching losses and improving voltage 

regulation. Section 5 focuses on the implementation of a fuzzy 

proportional integral derivative (FPID) controller for 

regulating the DC-link voltage, thereby ensuring stable 

operation and effective utilization of the PV system. We 

provide a detailed description of the fuzzy logic-based control 

strategy, its integration with the PID control mechanism, and 

the advantages it offers in terms of dynamic response and 

robustness against parameter variations. In Section 6, we 

conclude with our findings and explore future research 

opportunities. This concluding section summarizes the key 

outcomes of the study, reflects on the performance 

improvements achieved through the proposed configuration, 

and suggests directions for further advancements in hybrid 

PV-battery systems, including potential enhancements in 

control strategies and converter topologies. 

 

 

2. PROPOSED CONFIGURATION 

 

The hybrid energy system shown in Figure 1 consists of a 

3LBC powered by a PV panel. 

 

 
 

Figure 1. The hybrid energy system 

The converter is connected to a battery storage system and 

utilizes FPID (Fuzzy Proportional-Integral-Derivative) 

regulators in a buck-boost design. A P&O algorithm combined 

with a PI controller is used for (MPPT) in the photovoltaic 

system. 3LI is coupled between a DC-Link and a DC load. The 

system's objective is to maximize energy efficiency, enhance 

system stability, and boost overall performance. 

 

 

3. MODLING AND CONTROL OF PV SYSTEM  

 

This study uses a five-parameter, single-diode model [16] 

to simulate solar cell output, as shown in Figure 2 [17, 18]. 

The PV module used is the BP Solar SX 3190, as specified in 

Table 1 under STC (1000 W/m², 25°C). The PV panel's output 

power is determined by Eq. (1) [17], and Table 2 lists the five 

key parameters for the single-diode model under STC. PV 

power production varies with atmospheric conditions, 

affecting the curve I/V, which is nonlinear and influenced by 

solar irradiation, as illustrated in Figure 3(a). Figure 3(b) 

highlights that the maximum power is achieved at the knee 

operation point, ensuring PV generator operation at this point 

is crucial making [19, 20]. 

 

𝑃𝑃𝑉 = 𝑁𝑃𝑉 . 𝑁𝑃. 𝐼𝑃ℎ . 𝑉𝑃𝑉  

−𝑁𝑃𝑉 . 𝑁𝑃 . 𝐼0. 𝑉𝑃𝑉 (𝑒𝑥𝑝 (
𝑉𝑃𝑉
𝑁𝑆. 𝑉𝑡

+
𝐼𝑃𝑉 . 𝑅𝑆
𝑁𝑃. 𝑉𝑡

) − 1) 

−
𝑁𝑃
𝑅𝑃
. 𝑉𝑃𝑉 . (

𝑉𝑃𝑉
𝑁𝑆

+
𝐼𝑃𝑉 . 𝑅𝑆
𝑁𝑃

) 

(1) 

 

 
 

Figure 2. Model of a solar cell with a single diode 

 

 
(a) 

  
(b) 

 

Figure 3. Schematic characteristic of Bp Solar SX3190 

module (a) I/V Characteristic, (b) P/V Characteristic 
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Table 1. The specifications of the Bp Solar SX3190 module 

 
Parameter Value 

Maximum power (PMPP) 190.25 W 
 Maximum power point voltage (VMPP) 24.3003 V 
Maximum power point current (IMPP) 7.82945 A 

Open-Circuit voltage (Voc) 30.6021 V 
Short-Circuit current (Isc) 8.51029 A 

Number of series-connected modules per string 6 
Number of parallel strings 6 

 

Table 2. Model parameters for 1 module 

 
Rs (Ω) Rp (Ω) Isat (A) Iph (A) Qd 

0.17514 755.51 1.0647×10-6 8.5158 1.5 

 

 

4. THREE-LEVEL BOOST DC-DC CONVERTER 

 

Boost choppers are frequently employed in energy 

conversion systems due to their uncomplicated topology and 

control mechanism [21-23]. The TLBC is particularly 

advantageous in high-power applications due to reduced 

switching and reverse recovery losses of the diode. 

Furthermore, the TLBC can operate with a smaller inductor 

compared to conventional boost converters as a result of 

reduced inductor current ripple [23, 24]. 

 

4.1 Three level modeling 

 

Figure 4 illustrates the configuration of the three-level boost 

converter, which consists of two boost converters connected at 

the midpoint of the transistors (Sb1, Sb2) and capacitors (Cd1, 

Cd2). The transistors are controlled with a shift of Ts/2 [4]. 

 

 
 

Figure 4. Three-level boost converter 

 

The averaged model can be used to describe how the input 

voltage VPV, inductance current ILPV, and neutral point current 

iNP behave dynamically [21, 22]. 

 

{
 
 

 
 𝐿𝑏

𝑑𝑖𝐿𝑃𝑉
𝑑𝑡

= 𝑉𝑃𝑉 − (1 − 𝐷1)𝑉𝑑𝑐1 − (1 − 𝐷2)𝑉𝑑𝑐2

𝐶𝑓
𝑑𝑉𝑃𝑉
𝑑𝑡

= 𝑖𝑃𝑉 − 𝑖𝐿𝑃𝑉

𝑖𝑁𝑃 = (𝐷1 − 𝐷2)𝑖𝐿𝑃𝑉

  (2) 

 

D1: Switch Sb1 duty cycle.  

D2: Switch Sb2 duty cycle. 

 
(a) 

 
(b) 

 

Figure 5. 3LBC waveforms, (a) D<0.5, (b) D>0.5 

 

Figure 5(a) shows the 3LBC waveforms at D < 0.5. Prior to 

t0, both switches Sb1 and Sb2 remain open. At 𝑡0, switch Sb1 is 

turned on and the current flows through Lb, Sb1, Cd2, and Db2. 

This causes an increase in the current of the PV generator Ipv 

Eq. (3) [21]. 

 

𝐼𝑃𝑉(𝑡) = 𝐼𝑃𝑉(𝑡0) +
𝑉𝑃𝑉 − 𝑉𝑑𝑐 2⁄

𝐿𝑏
(𝑡 − 𝑡0) (3) 

 

where, 

 

𝑉𝑑𝑐 = 𝑉𝑑𝑐1 + 𝑉𝑑𝑐2 (4) 

 

When time reaches t1, switches Sb1 is open, and current 

flows through Lb, Db1, Cd1, Cd2, and Db2. Consequently, the PV 

generator's current, Ipv, drops. 

 

𝐼𝑝𝑣(𝑡) = 𝐼𝑝𝑣(𝑡1) −
𝑉𝑑𝑐 − 𝑉𝑝𝑣

𝐿𝑏
(𝑡 − 𝑡1) (5) 

 

During time t2, when switch Sb2 is closed, current flows 

through Lb, Db1, Cd1 and Sb2, leading to an increase in the 

current of the PV generator Ipv. On the other hand, switch Sb2 

is open at time t3, both switches are open, and current passes 

through Lb. Db1, Cd1, Cd2, and Db2, causing a decrease in the 

current of the PV generator Ipv Eq. (5) [21]. 

Figure 5(b) shows the theoretical waveforms of 3LBC when 

the duty cycle surpasses 0.5. Prior to time t0, one of the 

switches, Sb1, is open while the other switch, Sb2, is closed. At 

t0, Sb1 is closed, and both switches become conductive. As a 

result, the current flowing through the PV generator, indicated 

by Eq. (6) [25]. 

 

𝐼𝑃𝑉(𝑡) = 𝐼𝑃𝑉(𝑡0) +
𝑉𝑃𝑉
𝐿𝑏

(𝑡 − 𝑡0) (6) 
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At t1, Sb2 is opened, and the current passes through Lb, Sb1, 

Cd2, and Db2. As a result, the current flowing through the PV 

generator (Ipv) decreases, as indicated by Eq. (7). 

 

𝐼𝑃𝑉(𝑡) = 𝐼𝑃𝑉(𝑡1) −

𝑉𝑑𝑐
2⁄ − 𝑉𝑃𝑉

𝐿𝑏
(𝑡 − 𝑡1) 

(7) 

 

At t2, Sb2 is closed, allowing both switches to conduct the 

current. As a result, the current flowing through the PV 

generator (Ipv) increases, as indicated by Eq. (6). At t3, Sb1 is 

opened, causing the current to pass through Lb, Db1, Cd1, and 

Sb2. This, in turn, causes a decrease in the current flowing 

through the PV generator (Ipv), denoted by Eq. (7) [21]. 

 

4.2 Proposed MPPT 

 

The P&O method, also known as Perturbation and 

Observation, is widely used to maximize photovoltaic power 

and balance capacitor voltages by tracking the maximum 

power point (MPPT) of PV systems. This technique adapts to 

changes in solar irradiance, as discussed in sources [26-28]. 

 

4.3 Voltage balance control 

 

Capacitors Cd1 and Cd2 are alternately charged to voltages 

Vdc1 and Vdc2. Despite having the same capacitance, a voltage 

imbalance arises due to differences in real capacitors and their 

equivalent series resistance. A voltage balancing controller is 

required to equalize the capacitor voltages by adjusting the 

duty cycle, as shown in Figure 6. Sb1 and Sb2 are the gate pulses 

for the switches. In the 3LBC DC-DC converters, the duty 

ratio determines the input-output voltage relationship. 

 
𝑉𝑑𝑐
𝑉𝑃𝑉

=
1

1 − 0.5𝐷1 − 0.5𝐷2
 (8) 

 

 
 

Figure 6. Block diagram of MPPT with voltage balance 

control 

 

If D1=D2=D, then 

 
𝑉𝑑𝑐
𝑉𝑃𝑉

=
1

1 − 𝐷
 (9) 

 

VPV voltage from the PV fluctuates with environmental 

changes. The MPPT control determines the duty cycle (D) for 

boost switch Sb1, while Sb2 duty cycle is controlled by an 

additional PI controller, which adjusts (D’) based on the 

voltage error (Vdc1 − Vdc2). 

 

Consider 

 

Δ𝐷 = 𝐾𝑝 +
𝐾𝑖
𝑠
(𝑉𝑑𝑐1 − 𝑉𝑑𝑐2) (10) 

 

The transfer function of the PI controller is represented by 

𝐾𝑝 +
𝐾𝑖

𝑠
. The duty cycle 𝐷′ = 𝐷 + Δ𝐷  is used to operate 

switch Sb2 in the converter in order to equalize the voltage 

across the capacitors. 

Imbalanced capacitor voltages can lead to uneven 

distribution of power, resulting in increased switching and 

conduction losses in the converter, thereby reducing overall 

efficiency. 

 

 

5. BATTERY MODELING  

 

Energy storage devices like batteries enhance the reliability 

and efficiency of power distribution [29]. This study uses an 

equivalent circuit model with V and internal resistance R in 

series [30], allowing the battery’s output voltage to be 

expressed as: 

 

𝑉𝑏𝑎𝑡 = 𝑉 − 𝑅𝐼𝑏𝑎𝑡  (11) 

 

The battery voltage Vbat (V) and current Ibat (A) are greatly 

affected by internal resistance, temperature and factors like 

State of Charge (SOC). Figure 7 shows the battery's electrical 

model. 

 

 
 

Figure 7. The standard battery models 

 

This study employs a basic battery model for energy 

management, where the (SOC) depends on time, production 

sources, and charge variation, as defined by equation [31]: 

 

𝑆𝑂𝐶(𝑡) =

{
 

 𝑆𝑂𝐶(𝑡 − Δ𝑡) + 𝑃𝑏𝑎𝑡
𝜂𝑐ℎ
𝐶𝑛𝑉𝑑𝑐

∆𝑡

𝑆𝑂𝐶(𝑡 − Δ𝑡) + 𝑃𝑏𝑎𝑡
1

𝜂𝑑𝑖𝑠𝐶𝑛𝑉𝑑𝑐
∆𝑡

 (12) 

 

Δt is the time step, Pbat the battery power, Cn the nominal 

capacity, 𝜂𝑐ℎ and 𝜂𝑑𝑖𝑠  are the charging/discharging 

efficiencies, and Vdc the nominal DC voltage. 

The battery acts as an essential link between the PV system 

and the load, operating in two modes: charging and 

discharging. The Buck-Boost Controller (BBC), using two 

switches Q1 and Q2, regulates the DC voltage to maintain the 

required level and manages the battery's charge and discharge 

based on the PV panel's output. 

In this study, the battery bank receives the excess power 

before it surpasses its maximum storage capacity as a result of 

high power situations [32]. The flow chart in Figure 8 

illustrates how the battery and photovoltaic system coordinate 

control. The battery's lower and higher state of charge 

restrictions range between 0.2 and 0.8 [17]. 
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Figure 8. Algorithm for controlling DC link voltage 

 

 

6. THREE LEVELS INVERTER NPC MODLING AND 

CONTROL 

 

The three-level (NPC) inverter  as illustrated in Figure 9 

consists of two DC voltage sources and three arms. Each arm 

contains four bidirectional current-controlled switches and 

two midpoint diodes to achieve zero-level output voltage. 

Controllable switches manage the inverter's turn-on and turn-

off operations. 

 

 
 

Figure 9. Three-level three-phase inverter with NPC 

configuration 

 

 
 

Figure 10. PWM control of a three-level inverter 

A three-phase load-side inverter provides stable voltage and 

frequency [12]. In distribution systems, unbalanced single-

phase loads create phase current differences and voltage 

imbalances. To regulate the load voltage, a voltage vector 

adjustment feeds the error between the RMS phase voltages 

and the reference voltage into a PI controller, as shown in 

Figure 10. The controller multiplies the output by a unit sine 

wave generator to obtain the reference phase voltages (Varef, 

Vbref, Vcref) for generating PWM pulses for the inverter [17]. 

 

 

7. FPID CONTROLLER of Vdc-link VOLTAGE  

 

Fuzzy theory translates complex processes and natural 

language into machine-readable format. Based on fuzzy logic, 

it excels in controlling nonlinear systems by leveraging 

cognitive processes and practical knowledge [33]. A fuzzy 

control system includes a fuzzy controller and a plant, as 

shown in Figure 11. 

 

 
 

Figure 11. Architecture of a fuzzy control system 

 

A fuzzy controller comprises fuzzification, a rule base, 

fuzzy inference, and defuzzification. Fuzzification maps input 

values to language descriptions, while the rule base mimics 

human cognition using if-then rules [33]. Fuzzy inference 

generates control values from input values, membership 

functions (MFs), and rules. Defuzzification then converts the 

fuzzy control value into the plant's control value [33]. A fuzzy 

PID (FPID) is designed to maintain DC link voltage stability. 

Four basic blocks define the FPID controller. Fuzzification 

turns real-valued variables into fuzzy sets, which fuzzy logic 

systems utilize to control output variables. DC bus voltage 

(Vbus) is checked continually. The fuzzy logic controller will 

receive the error e(k), the difference between the Vbus voltage 

and the reference voltage Vref, and its rate of change, de(k), at 

sampling moment k. The fuzzy logic controller will decide the 

output variable, ∆D. 

As stated earlier, the FLC necessitates numerous inputs. 

Therefore, it is necessary to carefully choose and clearly 

specify the inputs in the first place. In this study, the e(k) and 

de(k) are regarded as inputs, while the change in duty cycle 

∆D is considered as the output of the FPID system. 

The FLC needs several inputs. Therefore, inputs must be 

carefully selected and properly defined. This research uses e(k) 

and de(k) as inputs and ∆D as the output of the FPID system. 

The e(k), de(k), and ∆D are defined as follows: 

 
𝑒(𝑘) = 𝑉𝑟𝑒𝑓 − 𝑉𝑏𝑢𝑠(𝑘)

𝑑𝑒(𝑘) = 𝑒(𝑘) − 𝑒(𝑘 − 1)
 (13) 

 

This study utilizes various linguistic characteristics, with 

specific details provided in Table 3 [34]. 

The (FLC) utilizes the following IF-THEN rules, mapping 

the inputs e(k) and de(k) to the output (∆D): 

IF e(k) is Negative Big (NB) AND de(k) is Negative Big 
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(NB), THEN ∆D is Negative Big (NB). 

IF e(k) is Negative Medium (NM) AND de(k) is Negative 

Medium (NM), THEN ∆D is Negative Medium (NM). 

IF e(k) is Negative Small (NS) AND de(k) is Negative Small 

(NS), THEN ∆D is Negative Small (NS). 

IF e(k) is Zero (ZE) AND de(k) is Zero (ZE), THEN ∆D is 

Zero (ZE). 

IF e(k) is Positive Small (PS) AND de(k) is Positive Small 

(PS), THEN ∆D is Positive Small (PS). 

IF e(k) is Positive Medium (PM) AND de(k) is Positive 

Medium (PM), THEN ∆D is Positive Medium (PM). 

IF e(k) is Positive Big (PB) AND de(k) is Positive Big (PB), 

THEN ∆D is Positive Big (PB). 

 

Table 3. Fuzzy adaptive rules 

 
Error e(k) Change of Error de(k) Change in Duty Cycle (∆D) 

NB NB NB 

NM NM NM 

NS NS NS 

ZE ZE ZE 

PS PS PS 

PM PM PM 

PB PB PB 

 

There are other (MFs) described in literature, however the 

Trapezium technique is chosen as the most optimal based on 

its past performance and expert knowledge [35].  

 

 
 

Figure 12. MF for input variable e(k) 

 

 
 

Figure 13. MF for input variable de(k) 

 
 

Figure 14. MF for output variable ∆D 

 

The (MFs) for the de(k) and e(k) input variables are 

displayed in Figures 12 and 13, respectively. Figure 14 shows 

the (MFs) for the output variable ∆D. The main purpose of the 

proposed guidelines is to adjust the bidirectional converter 

duty ratio to maintain the DC link voltage near the reference. 

The defuzzification block controls the bus voltage by 

generating the desired output value, ∆D. The Center of Area 

(COA) method is commonly used for defuzzification, where 

the fuzzy centroid is calculated by integrating the inference 

results. Eq. (14) determines the output D by multiplying the 

center points of the output (MFs) by their weights and 

summing them up [36, 37]. 

 

𝐷 =
∑ 𝐷𝑗𝜇𝐴(𝐷𝑗)
𝑘
𝑗=1

∑ 𝜇𝐴
𝑘
𝑗=1 (𝐷𝑗)

 (14) 

 

 

 
 

Figure 15. Structure of FPID controller 
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Figure 16. The proposed block PV/Battery 

 

 

In this context, D represents the crisp output value, Dj stands 

for the max-min composition center at the output (MFs), 

where μA(Dj) is the jth membership function's peak value, and 

Dj denotes the jth input value. According to study, MOSFET 

gates should get the duty ratio value with the crisp value D. 

However, in this study, the crisp value D is directly transferred 

to the gate of IGBTs without undergoing this process, and the 

Fuzzy Logic Controller (FLC) functions effectively in this 

setup. 

The Simulink model used to obtain the system's responses 

is shown in Figure 15. The FPID controller output, 

representing the duty ratio variation ∆D(k), is added to the 

previous duty ratio D(k-1) to calculate the final output D(k) as 

per [36]. 

 

𝐷(𝑘) = 𝐷(𝑘 − 1) + ∆𝐷(𝑘) (15) 

 

The proposed PV/Battery system is connected to the three-

level inverter to supply power to three-phase loads through a 

DC link voltage, as shown in Figure 16. 

 

 

8. SIMULATION RESULTS AND DISCUSSION 

 

The control strategy for the PV/Battery converse on system 

using a 3LBC and 3LI with storage, as illustrated in Figure 16, 

comprises: 

• An MPPT P&O controller and another PI controller are 

used for 3LBC for maximum power extraction and bus voltage 

balancing. 

• An SVPWM block for precise control of the three-level 

inverter. 

• A FPID regulator associated with the battery management 

algorithm to control the buck-boost converter. 

For the following factors, simulation results are given: 

• The inverter's switching frequency is 2.5 kHz. 
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• Boost converter switching frequency is 18 kHz  

• Output effective voltage: Veff = 220V  

• DC bus reference voltage: Vdcref = 600V 

To test the performance of the proposed control and extract 

the maximum power from the photovoltaic generator, we 

initiated the simulation at t=0 S with radiation at 1000W/m2. 

Subsequently, from t=1S to t=3S, the radiation decreased to 

500W/m2. It then increased again to 700W/m2 between t=3S 

and 5S. Finally, it stabilized at a value of 1000W/m2 between 

t=5S and 6S Figure 17. The temperature remained constant at 

T=25℃. 

Figure 18 displays the in power load transition from 6000 

W to 8000 W occurring between 2 and 3 seconds. This is 

carried out in order to assess the controller’s resilience. 

 

 
 

Figure 17. Variation of irradiance 

 

 
 

Figure 18. Variation of load 

 

Figure 19 and Figure 20 serve as crucial visual aids in 

understanding the performance of the photovoltaic (PV) 

system under different control schemes. In Figure 19, the 

voltage Vpv and current Ipv characteristics of the PV generator 

are meticulously illustrated, providing insights into its 

behavior under varying conditions. Meanwhile, Figure 20 

delves deeper into the system's power output, presenting 

comparative analyses between two prominent converter 

configurations: the two-level and three-level converters. 

Notably, the pivotal point of maximum power output, where 

the voltage reaches 200V and the current 40A, highlights the 

system's efficiency, yielding an impressive 8000W of power. 

This observation underscores the successful operation of the 

Maximum Power Point Tracking (MPPT) algorithm, crucial 

for optimizing the PV system's performance. 

However, the comparison between the two-level and three-

level converter systems reveals nuanced differences. While 

both employ MPPT control algorithms, the integration of 

proportional integral (PI) regulators in the three-level boost 

control system enhances its stability. This enhancement is 

particularly evident in the power generation process, where the 

three-level converter system demonstrates superior stability 

compared to its two-level counterpart. 

This finding suggests that the incorporation of (PI) 

regulators contributes to better control over the power 

generation process, mitigating potential fluctuations and 

ensuring consistent performance. As such, it underscores the 

significance of advanced control strategies in enhancing the 

overall efficiency and reliability of PV systems, offering 

valuable insights for future design and optimization 

endeavors. 

Figure 21 illustrates the power difference between the 

(3LBC) and the Two-Level Boost Converter (2LBC). The 

3LBC delivers 200 W more power than the 2LBC, 

representing a 2.5% improvement in efficiency. This 

highlights the advantage of the (3LBC) in achieving higher 

power output and better performance for high-demand 

applications. 

 

 
 

Figure 19. Voltage and current of PV panel 

 

 
 

Figure 20. Power of PV 

 

 
 

Figure 21. Difference of power with 3LBC and 2LBC 

 

This notable variance in power output underscores the 

efficacy of the three-level boost converter over its two-level 

counterpart. The observed superiority of the three-level 

configuration suggests that it possesses inherent advantages or 

optimizations that enable it to extract more power from the 

photovoltaic system compared to the two-level converter. 

The implications of this finding are profound, as they 

highlight the importance of selecting the appropriate converter 
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topology for maximizing power extraction efficiency in 

photovoltaic systems. By demonstrating the superiority of the 

three-level boost converter, Figure 21 provides valuable 

insights for system designers and engineers, directing them 

towards more effective and efficient solutions for harnessing 

solar energy. 

In conclusion, the clear difference in power output 

showcased in Figure 21 unequivocally favors the utilization of 

a three-level boost converter over a two-level counterpart, 

reaffirming its status as the superior choice for enhancing the 

performance and productivity of photovoltaic systems. 

The evaluation of the proposed controller aimed at 

maximizing power extraction from the photovoltaic generator 

under varying conditions of irradiance and load. With a fixed 

DC link voltage set at 600V, the comparative analysis between 

the FPID controller and the traditional PID controller was 

conducted. Figure 22 serves as a clear visual representation of 

this evaluation, showcasing the voltage and control responses 

of the DC link. Notably, the results unmistakably demonstrate 

the superiority of the FPID controller over the PID controller. 

The FPID controller exhibits several advantages, including 

quicker and smoother response to DC link voltage variations, 

reduced sensitivity to fluctuations in load power, and its ability 

to eliminate oscillations in steady-state electrical power. These 

studies demonstrate FPID controller efficacy in optimizing the 

performance of the photovoltaic system, offering enhanced 

stability and efficiency in power extraction. 

Figure 23 demonstrates a significant difference of up to 

12.04 V between the performance of FPID and PID 

controllers, providing clear evidence of the superiority of the 

FPID controller. This disparity underscores the enhanced 

precision and effectiveness of FPID control in comparison to 

PID control, advocating for its adoption in applications where 

precise control and optimization are crucial. 

 

 
 

Figure 22. DC bus voltage 

 

 
 

Figure 23. Difference of Vdc link 

 

The 3LBC is designed to achieve not only maximum power 

extraction from the photovoltaic generator but also to maintain 

voltage equality between Vdc1 and Vdc2 through its control 

mechanism. Figure 24 shows that 3LBC output voltages are 

equal. 

Furthermore, Figure 25 demonstrates the excellent 

performance of the BBC controller, as it effectively manages 

battery bank power variations (charging/discharging) to 

maintain system power balance across various scenarios of 

load and irradiance. In practice, when the power of AC load 

exceeds the generated PV power, the BBC controller 

discharges battery power to supply the AC load. On the other 

hand, if the load power is less than the PV power output, it can 

also charge the battery. 

Figure 26 illustrates the (SOC), which starts at 60% and 

increases until 1 s while charging. The discharge phase is 

limited to 5 s, occurring when there is low PV power and high 

power demand. Following this, the battery undergoes 

recharging if the PV power rises and power consumption 

decreases. 

 

 
 

Figure 24. DC bus voltages Vdc1 & Vdc2 

 

 
 

Figure 25. Power distribution for photovoltaics, batteries, 

and load 

 

 
 

Figure 26. Battery SOC 
 

 
 

Figure 27. Current and voltage of battery 
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Figure 27 shows the curve of battery voltage and current, 

providing a visual representation of both the charging and 

discharging processes of the battery, which can be observed 

from the current curve. 

Figures 28 and 29 show the voltage and current waveforms 

of the three-level inverter under FPID control. This result 

demonstrates the enhanced quality of the power supplied and 

the efficacy of the suggested 3LI control system. 

 

 
 

Figure 28. Output voltage of load 

 

 
 

Figure 29. Output current of load 

 
 

Figure 30. Spectrum analysis of current Ia 

 

 
 

Figure 31. Spectrum analysis of voltage Va 

 

To verify the quality of the NPC inverter's current and 

voltage outputs under the suggested control, THD was 

determined to be less than 5%, with values of 1.24% and 

1.34% for current and voltage, respectively Figure 30 and 

Figure 31. This result is exemplary compared to the THD 

values reported in several other references. 

A comparative analysis in this section highlights the FPID's 

advantages, as shown in Table 4. 

 

Table 4. Comparison of the proposed strategy 

 
Ref. System Elements Type of Converter Controller THD 

[31] Wind PV and battery residential load boost converter PI 3.68% 

[38] PV and battery rural area application boost converter PI 3.98% 

[17] PV and battery loads boost converter TID 1.74% 

[39] PV and battery grid connected boost converter PI 3.30% 

[40] PV and battery grid connected boost converter Fractional Order PID 4.18% 

Proposed strategy PV and battery loads Three-level boost converter FPID 1.24% 

 

 

9. CONCLUSION 

 

This paper presents a novel (3LBC) design integrated with 

a fuzzy logic controller to manage the DC bus voltage in a 

photovoltaic-battery energy system. The results demonstrate 

the considerable benefits that the 3LBC offers in terms of 

power extraction quality from photovoltaic panels when 

compared to its two-level equivalent (2LBC). Specifically, the 

three-level design significantly enhances the power 

conversion efficiency and reduces the overall losses, leading 

to improved energy harvesting from the PV panels. 

Furthermore, the simulation results for the P&O method of the 

MPPT algorithm are encouraging. The 3LBC effectively 

supports the P&O algorithm, ensuring that the PV system 

operates consistently at its maximum power point, thereby 

optimizing energy output. In the three-level inverter (3LI), a 

PI controller can regulate voltage balance between Vdc1 and 

Vdc2 in the 3LBC. However, the FPID controller proves 

superior in maintaining the stability of the Vdc link voltage. 

The FPID controller's advanced tuning capabilities and 

adaptability result in more precise voltage regulation and 

enhanced system stability, particularly under dynamic load 

conditions. When connected to the battery, a buck-boost 

converter handles potential power imbalances and ensures that 

energy is transferred bidirectionally with minimal THD. This 

bidirectional capability is crucial for efficient energy storage 

and retrieval, allowing the system to balance supply and 

demand effectively. The neutral-point-clamped (NPC) three-

level inverter (3LI) enables efficient power transfer to the AC 

load. The NPC inverter's multi-level topology reduces 

switching losses and THD, leading to higher efficiency and 

better power quality for AC loads. In the future, we may 

investigate additional optimization techniques to improve the 

proposed system's overall effectiveness and resilience. These 

may include the incorporation of sophisticated control 

algorithms such as machine learning-based predictive 
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controllers or adaptive neuro-fuzzy inference systems 

(ANFIS) to further enhance the system's dynamic performance 

and robustness. Additionally, exploring novel converter 

topologies, such as modular multilevel converters (MMC) or 

interleaved converters, could address emerging challenges in 

the integration of renewable energy sources into the grid, 

improving scalability and fault tolerance. By advancing these 

aspects, the hybrid photovoltaic-battery energy system can 

achieve higher efficiency, greater reliability, and seamless 

integration into modern power grids, supporting the broader 

adoption of renewable energy technologies. 
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