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ABSTRACT 
 

Increasing demand for renewable energy integration and efficient energy storage solutions have 
highlighted the critical role of battery. Batteries serve as essential components in energy systems, 
storing excess power for various applications, and backup power solution. However, achieving 
control for battery is challenging due to stability of charge and discharge, changing load condition, 
and battery state of charge fluctuation. To ensure efficiency of battery, accurate control of bi-
directional converter is required. Bi-directional Converter facilitates the power flow required for 
this process but controlling battery charge discharge accurately. Among the many control methods, 
the Proportional-Integral (PI) controller is widely used for regulating the charge-discharge 
operation. However, selecting optimal PI parameters is non-trivial and greatly affects systems 
performance. This study proposes an enhanced control strategy for a bidirectional converter using 
PI controller optimized by a modified Particle swarm optimization (PSO) algorithm. The proposed 
method incorporates a dynamic re-randomized mechanism to overcome premature convergence 
in a standard PSO, improving its ability to escape local minima. Additionally, a penalty function is 
applied to restrict the search within a defined stable range for the controller gains. The 
performance of the system is evaluated based on the Integral of Time-Weighted Absolute Error 
(ITAE) criterion to minimize transient and steady-state errors. Simulation result using 
MATLAB/Simulink demonstrate that modified PSO-based PI controller significantly improves 
system performance-reducing overshoot, enchanting settling time, and maintaining stability under 
different operation modes (charge and discharge). This method offers a practical and efficient 
solution for optimizing converter control in battery-based energy storage systems. 

 
 

1. Introduction 

The increasing integration of renewable energy sources and 

smart grids has heightened the demand for efficient energy storage 

systems. Batteries serve as crucial energy storage units, ensuring 

stable power supply and improving grid resiliency. Demand for 

efficiency energy bi-directional converter is essential component in 

battery management system, with play in crucial role enabling smooth 

charge-discharge transition between battery and power grids or loads 

[1–3]. However, there are issues related to the performance of the 

output value, which is affected by uncertainty of parameter that vary 

over time in bi-directional [1] especially for charge and discharge 

battery condition.  

Previous research by [4] used the application of PID for Bi-

directional converter. The article examines a bi-directional converter 

DC-DC with dual operational modes: charge-discharge. This facilitates 

power transfer both to and from energy storage systems. The control 

of bi-directional converter used proportional integral derivative (PID) 

control is central to the work, optimizing both the rise time, settling 

time, and steady-state error during the system operation. Despite 

contributions, PID control is only applied to the discharge mode and 

leaving the charge mode unaddressed. In addition, the Ziegler-Nichols 

tuning method used for PID is effective but lacks further refinement.  

Study conducted by [5] “Design and Performance Analysis of PID 

Controller for Extended Output Voltage Charge-Discharge Converter”, it 

was explained that the implementation of a conventional PID controller in 

a charge-discharge converter system faces several significant limitations. 

One of the key issues highlighted is the presence of a large overshoot 

during transient response, as well as a relatively long settling time 

before reaching steady state conditions. These drawbacks result in 

undesirable system behavior, particularly when there are sudden 

changes in load or output voltage reference. Under such dynamic 

conditions, PID control tends to produce oscillatory responses or delayed 

stabilization, which can affect the overall performance and reliability of the 

system. The study emphasized the need for more adaptive and optimized 

tuning strategies that can maintain fast, accurate, and stable control 

performance under various operating scenarios. 

Research by  [6] has successfully implemented the topology of 

Bi-directional converter DC-DC based control logic. In this research, 

providing the mathematical model from converter was obtained through 

averaging technique can analyze performance and converter efficiency. 

Managing bidirectional DC-DC converters in real world applications like 

EV/HEV involves significant complexity due to mode switching, 

component parasitic, and nonlinear battery dynamics. Proper control 

strategies, including small-signal modeling and digital switching logic, 

are essential to stabilize converter operations and extend battery life. 

https://doi.org/10.69650/rast.2026.263584
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Another Research about mathematics bidirectional model 

by [7] concluding that bi-directional DC-DC converter can used by 2 

modes; charge and discharge. And bi-directional transmission 

energy makes it important in microgrid systems. Implemented PID 

is effective for stabilization busbar voltage, with accurate current 

control > 5% and efficiency of work more than 90% in charge mode 

as well as 95% in discharge mode. 

The research by [8] bidirectional converter serves as a crucial 

solution for managing energy flow between power source and 

batteries. This type of converter enables two-way energy transfer, 

making it possible to both store excess energy and supply the stored 

energy to the load when needed such a topology, typically operating 

in charge-discharge modes, has been widely implemented to 

enhance the overall efficiency of power flow within energy storage 

systems. The bidirectional nature of the converter allows it to 

dynamically adapt to the system’s demands, whether during energy 

accumulation or distribution phases.  

Research by [9] the design of bidirectional converter 

effectively manage the energy flow during charging and discharging, 

using the PID controller with optimization GA (genetic algorithm) to 

minimize system errors. Specifically focusing on reducing the 

integral time absolute error (ITAE). Result of the article conclude 

that an optimized PID controller has a better system performance 

compared to traditional manual tuning method.   

Discusses the importance of minimizing component losses, 

enhancing system performance for highlights the complexity and cost-

efficiency of using bi-directional converter compared to traditional 

system that involve multiple stage of energy conversion [10]. 

A study conducted by [11] with entitled “Particle Swarm 

Optimization-based PID Controller Design for DC–DC Charge 

converter”, explores the application of the particle swarm 

optimization (PSO) algorithm for tuning PID controllers in charge 

converter systems. The research highlights the critical lore of PID 

control parameters in determining the performance of control 

systems, particularly in reducing transient effects such as overshoot 

and steady state error. To address these challenges, the authors 

employed PSO to effectively identify the optimal set of PID 

parameters. Additionally, the study discusses common issues 

encountered in PI controllers, notably the wind-up phenomenon, 

which occurs when the control error remains nonzero for extended 

periods, leading to degraded system response. The use of PSO not 

only improves tuning efficiency but also enhances the controller’s 

ability to respond accurately under dynamic conditions. 

The Proportional–Integral (PI) controller was used in this 

study because it can guarantee system stability and optimal system 

performance that is linked with a fast transient response and high 

steady-state accuracy, even in the event of disturbances from 

external sources or system parameter variations [18]. The PI 

controller is thus best for systems requiring precise regulation and 

robustness. To further improve its performance, the Particle Swarm 

Optimization (PSO) algorithm is employed to optimize the 

parameters. PSO has been widely known as being easy to 

implement, having a high convergence rate, and possessing good 

global search ability, which enable it to effectively calculate the 

optimal values of the PI gains [21]. The combination of PI and PSO 

thus provides a simple yet effective control method with a balance 

of accuracy, stability, and computational complexity. 

2.   Non-Isolated Bi-directional converter 

There are two types of bidirectional DC-DC converter 

circuits, one of which is a non-isolated bidirectional converter. In 

general, a one-way DC-DC converter can be converted into a 

bidirectional converter with the replacement of diodes on the 

controllable switches in its structure. Bidirectional converters are 

designed to support both phases, i.e. charge mode and power 

discharge mode, thus allowing for smooth energy flow according to 

specification and operational requirements. In practice, the voltage 

level in energy storage units is usually kept at a relatively low range. 

This is done as a measure to minimize potential safety risks and 

ensure safe operation of the system [12]. 

A bidirectional converter can be obtained by sequentially 

connecting two basic converters: a step-down (buck) converter and 

a step-up (boost) converter. In a stable state, the conversion ratio of 

the output voltage to the input is the product of the ratios of the 

two converters connected sequentially (assuming that the switches 

on both converters have the same ratio) [13]. 

Bidirectional converters could increase or decrease voltage 

levels in buck-boost operation. This device is made to provide power 

flow in two directions, which means it can charge the battery 

(charge mode) or remove power from the battery (discharge mode). 

The reference current is used to measure the charging current 

entering the battery. Similarly, in discharge mode, the current 

flowing from the battery is measured and compared with the 

reference current to ensure that the power discharged matches the 

power required by the system. This adjustment process continues 

until the battery reaches a certain limit of the charging process (state 

of Charge, SOC) indicating the available battery capacity [9]. 

In fig. 1 provides voltage to the load. If the voltage supplied 

by Vin exceeds the load requirement, the remaining power will be 

used to charge the battery. Conversely, if the voltage supplied is 

insufficient for the load, the load will switch its source from the 

battery. Thus, the voltage continuity at the load will be maintained 

according to Vin and the battery [14]. 

2.1 Mode Buck / Charge 

In charge mode, the output voltage 𝑉𝑏𝑎𝑡𝑡  is smaller than the 

voltage𝑉𝑖𝑛. This serves to reduce the DC voltage level from 𝑉𝑖𝑛 to 𝑉𝑏𝑎𝑡𝑡 

(charge). The way the circuit works can be divided into two stages.    

 
Fig. 1 Bidirectional Converter. 

 
Fig. 2 Charge mode. 
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2.1 Mode Buck / Charge 

In charge mode, the output voltage 𝑉𝑏𝑎𝑡𝑡  is smaller than the 

voltage𝑉𝑖𝑛. This serves to reduce the DC voltage level from 𝑉𝑖𝑛 to 𝑉𝑏𝑎𝑡𝑡 

(charge). The way the circuit works can be divided into two stages.    

(1) Switch 1 ON 

The first stage begins when MOSFET S1 is ON at t = 0. The 

increasing input current flows through the inductor filter L, and 

MOSFET S2 is OFF. In this state diode 1 (D1) and diode 2 (D2) will 

enter reverse bias mode; causing the input voltage (𝑉𝑖𝑛) to be used 

to charge the battery and make it charge mode until it reaches the 

voltage (𝑉𝑏𝑎𝑡𝑡) [4,15]. In this condition, the difference between the 

voltages 𝑉𝑖𝑛 and 𝑉𝑏𝑎𝑡𝑡 will be equal to the voltage on the inductor, 

shown by the blue line in Figure (2.2). The voltage through the 

inductor can be written with the equation  

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑉𝑏𝑎𝑡𝑡 (1) 

(𝑉𝐿) is shown as the voltage on the inductor. In equation (), the voltage 

on the inductor will be equal to the voltage difference between the 

incoming voltage (𝑉𝑖𝑛) and the voltage on the battery (𝑉𝑏𝑎𝑡𝑡). 

(2) Switch 1 OFF 

In stage 2, the two MOSFETs are both in the OFF state D1 is 

still in reverse bias mode, while D2 enters forward bias mode [4]. 

The current in the inductor is shown by the red line in Figure 2, thus 

dissipating the energy stored in the inductor to the battery with a 

voltage 𝑉𝑏𝑎𝑡𝑡. The inductor voltage equation at this stage is written 

as follows 

𝐿
𝑑𝑖𝐿

𝑑𝑡
=  −𝑉𝑏𝑎𝑡𝑡 (2) 

 In equation 6,the voltage on the inductor (𝑉𝐿) is equal to the 

voltage on the battery (𝑉𝑏𝑎𝑡𝑡). By applying the volt second balance 

principle of the inductor in equation (1) and equation (2), the voltage 

on the battery can be written as  

𝑉𝑏𝑎𝑡𝑡 = 𝐷. 𝑉𝑖𝑛 (3) 

Which is where the output voltage of the charge mode (𝑉𝑏𝑎𝑡𝑡) is the 

duty cycle (D) multiplied by the incoming voltage (𝑉𝑏𝑎𝑡𝑡). 

In Figure 2 illustrated, MOSFET S1 remains in the ON state, while 

MOSFET S2 is in the OFF state. This operation involves the main 

component that plays a role in energy storage. That component is 

the voltage on the inductor. This component works to support the 

charging process with optimal efficiency in the charge mode [16]. 

2.2  Mode Boost / Discharge 

In discharge mode, the voltage at  𝑉𝑖𝑛 is greater than 𝑉𝑏𝑎𝑡𝑡. 

This mode is the discharge mode of a battery, or the voltage 

transition from low voltage level to high voltage level. The way the 

circuit works can be divided into two stages. 

(1) Switch 2 ON 

The first stage is when the voltage starts through 𝑉𝑏𝑎𝑡𝑡 to the 

inductor (L). Then MOSFET S2 will be ON at t = 0 while MOSFET S1 will 

be OFF. Both D1 and D2 become reverse biased. The input current will 

increase flowing through the inductor and produce inductor current 

[4,15]. In the state shown by the red line in Figure (3), the inductor 

charges energy from the battery. The inductor voltage operation at 

steady state can be written in equation 4 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝑉𝑏𝑎𝑡𝑡  (4) 

 

Fig. 3 Discharge Mode. 

Table 1 Bidirectional converter specification. 

Converter Components Value 

Battery 24 𝑉, 50 𝐴ℎ 

DC Source Voltage 48 𝑉 

Inductor (𝐿) 5.76𝑒 − 4𝐻 

Capacitor (𝐶) 1.083𝑒 − 3𝐹 

Switching Frequency (𝑓) 10𝑘𝐻𝑧 

Duty cycle 50% 

While the output of the discharge capacitor C stores energy to the 

𝑅 𝑙𝑜𝑎𝑑. The current flowing into the capacitor during steady state 

operation is given in equation 5 

𝐶
𝑑𝑉𝑐

𝑑𝑡
=  −

𝑉𝑜𝑢𝑡

𝑅𝑙𝑜𝑎𝑑
 (5) 

Where the current of the capacitor (𝐼𝐶) is the output voltage (𝑉𝑜𝑢𝑡) 

divided by the load (𝑅𝐿𝑜𝑎𝑑). 

(2) Switch 2 OFF 

The second mode starts when MOSFET S2 is OFF. The 

current flowing through the transistor will flow through L, C, and 

𝑅𝐿𝑜𝑎𝑑. In this state, D1 will be forward biased while D2 will remain 

in the reverse bias state. The current stored in the inductor will flow 

to D1 and C just as in Figure 3. The diode rectifies the flowing current 

and prevents the current from returning after going through the 

capacitor. The inductor current drops until the MOSFET and S2 are 

reactivated in the next cycle [4,15,17]. Thus, giving the required load 

current for 𝑅𝐿𝑜𝑎𝑑, the inductor voltage and capacitor current can be 

written in the equation below 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝑉𝑏𝑎𝑡𝑡 − 𝑉𝑜𝑢𝑡   (6) 

𝐶
𝑑𝑉𝑐

𝑑𝑡
=  𝑖𝐿 −

𝑉𝑜𝑢𝑡

𝑅𝑙𝑜𝑎𝑑
 (7) 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝑉𝑏𝑎𝑡𝑡 − 𝑉𝑜𝑢𝑡Equation 4 and equation 6 output voltage 

against load resistance can be written as 

𝑉𝑜𝑢𝑡 =  
𝑉𝑏𝑎𝑡𝑡

(1 − 𝐷)
 (8) 

Where the output voltage of the discharge mode (𝑉𝑜𝑢𝑡) is the 

battery voltage (𝑉𝑏𝑎𝑡𝑡) divided by the duty cycle (𝐷) reduced by 1. 

By applying the balance principle in equations 5 and 7, the inductor 

current can be written as 

𝑖𝐿 =  
𝑉𝑜𝑢𝑡

𝑅𝑙𝑜𝑎𝑑(1 − 𝐷)
 (9) 

In Fig. 3 for discharge mode, the battery releases power to 

the 𝑅𝑙𝑜𝑎𝑑 connected at the DC bus. The converter works in 

discharge mode to raise the output voltage. Switch S2 remains in ON 

mode and switch S1 is in OFF state. Energy from the battery is 

discharged through the inductor, temporarily stored and released to 

the output with a higher voltage [16]. Here are the bidirectional 

converter parameters for charge and discharge obtained from 

calculations and experiments. 
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3. Methods 
 

3.1  PI Controller 

The theoretical function of the PI controller system is to keep 

the process variable to reach the target value by considering the 

difference between the reference value and the actual value. The P 

controller is responsible for reducing the error by responding quickly 

to changes, while the I controller is responsible for eliminating the 

error in the long run by integrating the error value over time. The 

combination of the two results in a PI that enables the system to 

achieve optimal performance with fast response and high accuracy, 

despite disturbances or changes in system parameters [18]. 

Proportional controllers have the advantage of accelerating 

the response to reach its steady state price, while the disadvantage 

is that they cannot perfectly reduce the magnitude or disturbance 

that hits the control system, and the system response always has a 

steady state error. The Integral controller is able to achieve a steady 

state without error lies in the slowness of the high response in the 

initial response with the merger of the two components of the P and 

I controllers into PI this allows for control with better behavior. 

The PI control signal is used to provide feedback on the 

voltage output value of the Bidirectional DC-DC converter by 

controlling the duty cycle. In this case, the PI controller uses certain 

constants, namely the proportional constant (𝐾𝑝) and Integral 

Constant (𝐾𝑖), in regulating the system response. The main objective 

of using a PI controller is to minimize the error value between the 

allowable value and the actual value of the voltage output and 

adjust the duty cycle accurately. The formula of the PI controller can 

be shown in equation 10 [19] : 

𝑢(𝑡) =  𝐾𝑝 [𝑒(𝑡) + 
1

𝜏𝑖
∫ 𝑒(𝑡) 𝑑𝑡] (10) 

Where 𝐾𝑝 is the proportional parameter, 𝜏𝑖 is the time constant of 

the integrator, and 𝑒(𝑡) is the error value of the system. Both are 

parameters that can be changed according to design specifications. 

 

Fig. 4 First Order System. 

To get the desired system response approach, a first-order 

system can be used. Figure 4 is a first-order system, a first-order 

system is a system characterized by the highest rank of the 

denominator of the transfer function is one [20,21]. 

𝐶(𝑠)

𝑅(𝑠)
=

𝐾

𝜏𝑠 + 1
 (11) 

where K is the process of gain, which is the ratio of steady state and 

reference, and τ is the time constant. Where τ is the time obtained 

from c(τ) when it reaches 63.2% of the steady state. 

𝐾 =
𝑌𝑠𝑠

𝑋𝑠𝑠
  (12) 

𝑐(𝜏) = 0.632. 𝑌𝑠𝑠  (13) 

Alternatively, when time (t>τ) can use the equation 

𝑦(𝑡) =  𝑌0 + (𝑌𝑠𝑠 − 𝑌0)(0.632) (14) 

Where for Y0 is the initial voltage, and 𝑌𝑠𝑠 is the voltage at steady 

state. After using the first-order approach, further determination is 

made using PI parameters. The values of 𝐾𝑝 and 𝐾𝑖 can be found 

using the equation below [20]. 

𝐾𝑝 =  
𝜏𝑖

𝐾. 𝜏∗ (15) 

It is said that the value of 𝜏𝑖 =  𝜏 because the slow process has a large 

value, while τ* is the desired closed-loop time constant. After knowing 

the value of 𝐾𝑝, the search for the value of Ki is shown in equation 16. 

𝐾𝐼 =  
𝐾𝑝

𝜏𝑖
  (16) 

To obtain the appropriate or optimal parameters, the 𝐾𝑝 and 𝐾𝑖 values 

are optimised using the PSO optimisation method during simulation. 

3.2 Particle Swarm Optimization 

Trial and error or Ziegler-Nichols methods are often applied 

in finding the parameters of PI controllers, but both methods have 

shortcomings in terms of accuracy and time efficiency. Conventional 

approaches in tuning PI controllers generally rely on certain models 

with simpler orders. However, these tuning rules are often 

ineffective, especially in dealing with unbalanced or unstable 

systems. The conventional PI controller tuning process usually 

requires numerical calculations to achieve optimal parameters. To 

overcome this limitation, PSO methods have been increasingly used 

in recent decades. PSO enables more effective optimization of PI 

parameters in complex and non-linear systems. The advantages of 

PSO include simple implementation, fast convergence time, and 

better global exploration capability [21]. 

PSO combines local search and global search techniques to 

find a solution. PSO is designed to tackle complex problems by 

forming a population of particles whose positions are randomized at 

the start of the process. Each particle is a representation of a 

potential solution to the problem being solved. The algorithm then 

evaluates the suitability of each particle, which is used to assess the 

extent to which the particle can solve the problem at hand. During 

the optimization process, each particle updates its speed and 

position based on its individual experience as well as the collective 

information of the entire swarm. By combining personal data and 

social knowledge, the particles are directed to potential areas in the 

search space. This collaboration allows the group to effectively 

explore different areas. As well as the utilization of areas that are 

considered promising or show better potential solutions. 

𝑣𝑖 = 𝑤 . 𝑣𝑖 +  𝑐1. 𝑟1. (𝑝𝑏𝑒𝑠𝑡𝑖 −  𝑥𝑖) + 𝑐2 . 𝑟2. (𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑖)         (17) 

𝑥𝑖 = 𝑥𝑖 + 𝑣𝑖             (18) 

𝑣𝑖  is the velocity of the particle, with w being the inertia of the particle 

where the value for this is 0.9, while 𝑐1 is the learning coefficient of 

each particle, 𝑐2 is the global learning coefficient with 𝑟1 and 𝑟2 

random numbers from 0-1 to maintain the randomness of the solution 

search. Meanwhile 𝑝𝑏𝑒𝑠𝑡𝑖is the i-th particle's best solution during the 

process, and 𝑔𝑏𝑒𝑠𝑡 is the best solution of all particles. After knowing 

the velocity of each particle, 𝑥1or the position of the particle is 

updated. This formula is evaluated every iteration for all particles, so 

gradually the population will converge to the optimal solution. 

(1) PSO Initialization 

It starts by randomly assigning initial positions of particles 

based on a distribution in the search space. Each particle is placed in 

space based on parameters relevant to the optimized problem. This 

process ensures an even initial distribution of particles to effectively 

explore the search space. 

(2) Fitness Evaluation 

Fitness evaluation is the process of assessing the suitability of 

each particle individually. At this stage, the fitness value is calculated 
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based on criteria that are determined and set according to the problem 

being solved. The purpose of this evaluation is to measure the extent to 

which each particle can solve the problem or achieve the desired target. 

(3) Update Individual Data 

At this stage, the latest fitness value is compared with the 

previous value. Furthermore, the 𝑃𝑏𝑒𝑠𝑡 (personal best) value is 

updated if the current fitness value is better, then the value is 

updated as 𝑃𝑏𝑒𝑠𝑡. And the current particle (𝑥1) is stored as position 

Pi, which represents the individual's best solution so far. 

(4) Global Best Identification 

Of all the particles in the swarm, the particle with the highest 

fitness value is identified as the global best solution (𝑔𝑏𝑒𝑠𝑡). And the 

position of the particle is also recorded as Pg, which guides the whole 

swarm to move closer to the optimal solution in the next iteration. 

(5) Update Velocity and Position 

The velocity and position of each particle is updated using an 

equation that considers the velocity and position of the 𝑃𝑏𝑒𝑠𝑡 and 

𝑔𝑏𝑒𝑠𝑡. These changes allow particles to move in a more optimised 

direction based on individual and collective information. Iterations 

are performed until convergence criteria are met (maximum 

number of iterations and solution accuracy). 

A PI controller is added to minimize the influence of 

environmental conditions. PSO is used to optimize the 𝐾𝑝 and 𝐾𝑖 

parameters in the PI controller algorithm so that the closed-loop 

control system can operate with maximum efficiency. The ITAE 

function optimisation algorithm results in faster solution time. 

Smaller steady state error, and minimal overshoot through PSO-

based parameter optimization [22]. 

𝑰𝑻𝑨𝑬 (𝒆) = ∫ 𝑡 |𝑒(𝑡)|𝑑𝑡
𝑇

0
    (19) 

Where 𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡) is the error between the reference signal 

and the system output, t is the simulation time, and T is the total 

simulation time. The choice of ITAE as the objective function 

imposes a large penalty on the error at the final time, so that the 

system will have fast, stable, and minimal overshoot response 

characteristics. Several Particles are randomly initialized in the 

search which represents 𝐾𝑝 and 𝐾𝑖, respectively. The optimised 

parameters will be applied to the bidirectional converter system in 

charge and discharge operating modes.  

n the block diagram, 𝑉𝑟𝑒𝑓 is an input value that represents 

the target or desired output voltage of the converter. This value 

becomes the reference for the control system in maintaining output 

stability. The reference voltage is compared with the actual output 

voltage to produce an error signal e(t), representing the difference 

between the actual and target conditions, which is then used by the 

controller to correct the system. 

To regulate the system a PI controller is used, the purpose of 

which is to generate a control signal based on the error e(t). The PSO 

module is used to find the optimal condition of parameters 𝐾𝑝 and 𝐾𝑖 

by minimising certain objective functions such as ITAE or error values 

in the system. PSO adjusts the position and velocity in the solution 

space to obtain the best parameters based on system performance 

evaluation. This optimisation is done before the simulation is run. 

The bidirectional converter block is the plant system or the 

physical system being controlled. Bidirectional Converter regulates 

the flow of power between the source and the battery either in charge 

mode or in discharge mode. The signal from the PI is used to adjust 

the duty cycle so that the output voltage matches the reference. 

 

Fig. 5 Block Diagram PI-PSO bidirectional converter. 

  

Fig. 6 Flowchart modified PSO. 

The actual voltage of the system is measured and used as 

feedback. Its value is monitored to ensure compliance with the 

reference value and assessed based on system dynamics performance 

such as rise time, overshoot, and stability. 

 Figure 6 flowchart of the Modified Particle Swarm 

Optimization (PSO) procedure for optimal tuning of PI controller 

gains ( Kp  and Ki ) in bidirectional DC-DC converter system. The 

process begin with the creation of a close loop control system and 

the selection of the ITAE (integral time weighted absolute error) 

performance index as the cost function. Initial boundaries for the 

proportional and integral gains are defined, followed by the 

initialization of PSO parameters and including the number of particle 

population, maximum iteration (maxIt), inertia weight (w), damping 

ratio (Wdamp), and acceleration coefficients (C1, C2). Particles are 

then initialized randomly within the search space. During the 

iterative process, the algorithm checks for stagnant by evaluating 

whether the change in cost function between successive iterations 

falls below a predefined threshold (ε). Is stagnation is confirmed the 

particle is re-randomized to escape the local optima. Otherwise, the 

inertia weight is updated, and the iteration continues. The process 

repeat until convergence is archived, resulting in the optimal set of 

Kp and Ki that minimizes the ITAE, thereby enhancing the dynamic 

performance of the converter. 
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4. RESULT AND DISCUSSION 

In the results and discussion will discuss the comparison of 

bidirectional converter system performance in three conditions. 

Namely in conditions without a controller, using a conventional PI, 

and using a PI that has been optimized with the PSO algorithm. The 

purpose of this test is to evaluate the effectiveness of PSO 

optimization on improving system performance, especially in terms 

of transient response, overshoot, recovery time and steady state 

error. Tests were carried out in several scenarios, namely fixed 

reference, changing reference, input changes, and system 

disturbances, both in charge mode and in discharge mode. 

Fig. 7 and Fig. 8 is the convergence result graph of the PSO algorithm 

of charge and discharge mode. We can see that 80 iterations were 

performed. It can be seen that the fitness value decreases significantly 

over 80 iterations. 

This indicates that the optimization process has successfully 

found the best ITAE result for the PI controller. Figure 9 and Table 3 

show the comparison of bidirectional converter charge modes in three 

different conditions, namely without controller, using conventional PI, 

and using PI controller optimized with PSO algorithm (PI-PSO). The 

three conditions show significant differences in terms of response 

speed and the ability to reach the reference voltage.  

 

Fig. 7 ITAE Charge. 

 

Fig. 8 ITAE Discharge. 

Table 2 PI-PSO Value convergence. 

Mode Best Cost 𝑲𝒑 𝑲𝒊 

Charge 0.00468 60.019 305.05 

Discharge 0.002074 0.4012 154.208 

Table 3 Performance of PI-PSO, conventional PI, and No controller 

in charge mode. 

System 
Maximum 

Overshoot (V) 
Rise 

time (s) 

Oscillation (V) 

Min Max 

No Controller 0.0000 0.000 25.521 25.531 

Conventional PI 25.9841 0.958 25.9761 25.9839 

PI-PSO 25.9838 0.707 25.9763 25.9835 

 

Fig. 9 Mode Charge Performance. 

In the condition of no-control, the system shows very limited 

performance. The output voltage is only 25.53V whereas the 

expected reference voltage is 25.98V. There is no overshoot or rise 

time which means that the system is unable to provide an active 

response to changes in the reference. Although the voltage 

oscillation is small, this condition does not reflect a responsive and 

imprecise system. So, it is not feasible for battery charging processes 

that require stability, in contrast to conditions that have been 

controlled using PI. 

When the system was given a conventional PI controller, the 

performance improved significantly. The output voltage successfully 

reaches the reference value with a recorded rise time of 0.819 

seconds. And there are still small oscillations between 25.9761V to 

25.9839V, this shows the system is starting to be responsive. The 

conventional PI controller is good enough in directing the output 

close to the reference value, but still needs improvement especially 

in terms of response speed and oscillation minimization. 

The best performance is shown by the system using PI-PSO 

controller. The voltage not only reaches the precise reference value, 

but also does so in a shorter time, with a rise time of 0.562 seconds 

and also has a slightly higher overshoot of 25.9838V. The oscillation 

value of PI-PSO is the smallest compared to the others. With a stable 

voltage in the range of 25.9763V to 25.9835V. This shows that the 

optimization of 𝐾𝑝 and 𝐾𝑖 parameters through PSO can increase the 

response speed and produce a more stable system. 

In charge mode the rise time of the PI-PSO system is 

recorded at 0.707 seconds, faster than the conventional PI with a 

rise time of 0.958 seconds or superior to 26.2% and much better 

than the system without a controller that does not show an active 

response. The overshoot of the PI-PSO is also very small at 0.0038V 

from the reference as well as smaller oscillations of about 7.7% than 

the conventional PI. 

Figure 10 and table 4 present the simulation results of the 

bidirectional converter when the battery is in discharge condition. The 

analysis is carried out on four scenarios, namely without controller, 

with conventional PI controller, VNS-PI, and with PI-PSO controller. 

The evaluation is focused on three main parameters namely 

maximum overshoot, rise time and output voltage oscillation. 
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Table 4 Performance of PI-PSO, conventional PI, and No controller 

in discharge mode. 

System 
Maximum 

Overshoot (V) 
Rise time 

(s) 

Oscillation (V) 

Min Max 

No Controller 84.11 0.00343 51.4 51.72 

Conventional PI 67.37 0.002922 47.987 48.001 

VNS-PI 64.41 0.002932 48.013 48.028 

PI-PSO 64.41 0.002920 47.991 48.006 

 

Fig. 10 Mode Discharge Performance. 

In the no-control condition, the system shows a very unstable 

performance. It can be seen that the output voltage reaches a very 

high overshoot of 84.11 V, far exceeding the specified reference of 

48V. Coupled with a rise time of 0.00343 seconds, this does not reflect 

excellence. Because the system is unable to effectively control the 

voltage spike. The oscillations that occur are also large, in the range of 

51.4 V to 51.72 V, indicating that the system in this condition is very 

unstable and at high risk to the load components. 

After being given a conventional PI controller, the system 

performance has improved. The output voltage is closer to the 

reference value with a maximum overshoot of 67.37 V, and the rise 

time becomes 0.002922 seconds. The oscillation range also 

decreased to 47.987 V and 48.001 V, which means that the system 

began to show stability and the ability to follow the reference 

voltage well. However, there is still a high overshoot and the 

response is not fully optimized. 

Then, under the VNS-PI control system conditions, the 

system performance is better than the conventional PI controller. 

The output voltage can approach the reference value with a 

maximum excess of 64.41 V, and the rise time is 0.002932 seconds. 

The oscillation range is also reduced to 48.013 V and 48.028 V, which 

means the system stability shows improvement and the ability to 

follow the reference voltage is better. 

The most significant improvement is shown by the PI-PSO 

controller system. Although the overshoot value is still the same as the 

VNS-PI control system 64.41 V, the rise time is slightly improved to 

0.002920 seconds. The oscillation is also more stable between 47.991 

V to 48.006 V, which indicates that the system can reach the reference 

voltage more smoothly, quickly, and with minimal fluctuations. The 

response becomes more precise, which indicates the success of the 

PSO method in optimizing the 𝐾𝑝 and 𝐾𝑖 values in the PI controller. 

In discharge mode, the rise time obtained by the PI-PSO 

controller is 0.002920 seconds faster than the conventional PI 

(0.002922 seconds) or up to 0.07% faster than the PI, and also 

0.000012 seconds faster than the VNS-PI control system, indicating 

excellent transient control capability. However, the overshoot in 

discharge mode is relatively larger due to the system characteristics 

that increase the battery output voltage. Nevertheless, the PI-PSO 

still shows improvement with a lower overshoot, which is 64.41 V, 

compared to the conventional PI (67.37 V), or 4.39% lower than the 

conventional PI. 

Based on the simulation results and performance data, it can 

be seen that the PI-PSO controller provides significant improvements 

in terms of response speed (rise time) and voltage stability (oscillation) 

compared to the system without a controller, conventional PI, and 

also VNS-PI. These results prove that PI optimization using PSO 

successfully improves system performance, especially in accelerating 

response time and stabilizing the output voltage, both in charging and 

discharging conditions. 

4.1. Reference Voltage Change 

This section tests the performance of the bidirectional 

converter against gradual changes in the reference voltage value. 

The goal is to see the system's ability to adjust to the dynamics of 

the reference input, both in charge and discharge modes. 

Simulations were carried out in three conditions; without controller, 

with conventional PI, and with PI optimized with PSO (PI-PSO). The 

observed parameters include recovery time (trec) and voltage 

deviation from the reference value. 

Fig. 11 and table 5 illustrate the system response when the 

reference value changes from 25.98V to 25.74V. At all stages of change, 

the system shows no response at all. This is indicated by the recovery 

time and voltage deviation values that remain 0.00 seconds and 0.00V. 

in other words, the system is unable to adjust to changes in the 

reference value and the output voltage is stagnant. This indicates the 

absence of dynamic control, so the system without controller is not 

reliable for operating conditions with changing references. 

After the system is regulated by a conventional PI controller, 

the system can improve the condition of the output voltage. Seen 

when the reference rises to 26.22V at second 2, the system shows a 

recovery time of 1.744 seconds with a voltage deviation of 0.004V. 

Signaling a good response. However, when the reference is lowered 

to 25.74V at the 4th second, the recovery time becomes slower, 

which is 3.676 seconds with a voltage deviation of 0.006V. This 

shows that the PI system is able to follow changes in the reference, 

but the response is still slow and not entirely accurate especially 

when the reference decreases. 

 

Fig. 11 Performance of reference voltage change PI-PSO, conventional PI, 

and No controller in charge mode.
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Table 5 Performance of reference voltage change PI-PSO, conventional PI, and No controller in charge mode 

No. Vin (V) R (Ω) 𝑽𝒓𝒆𝒇(V) 
No Controller PI PI-PSO 

𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 

1.  

48 

 

100 

25.98 0.00 0.00 0.00 0.00 0.00 0.00 

2. 26.22 - - 1.744 0.004 1.262 0.004 

3. 25.74 - - 3.676 0.006 2.922 0.005 

Table 6 Performance of reference voltage change PI-PSO, conventional PI, and No controller in discharge mode. 

No. Vin (V) R (Ω) 𝑽𝒓𝒆𝒇(V) 
No Controller PI PI-PSO 

𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 

1. 

25.85 100 

48 0.00 0.00 0.00 0.00 0.00 0.00 

2. 63 - - 0.091 6.44 0.073 5.28 

3. 33 - - 0.066 12.34 0.052 10.70 

 

Fig. 12 Performance of reference voltage change PI-PSO, conventional PI, 

and No controller in discharge mode. 

The best performance is shown by the PSO optimized PI 

controller. When the reference rises to 26.22V from second 2, the 

system takes only 1.262 seconds with a voltage deviation of 0.004V. 

when the reference drops to 25.74V at second 4, the recovery time 

decreases to 2.922 seconds with a deviation of 0.005V. PI-PSO 

performance has a faster response time, shows a more adaptive 

system and has a smaller voltage deviation. The result is that PI-PSO is 

more efficient in dealing with dynamic changes in reference changes. 

In charge mode, the PI-PSO system recorded a shorter 

recovery time of about 27.61% than the conventional PI when the 

reference rose to a voltage of 26.22 V with no difference in voltage 

deviation. While at a voltage drop to 25.74 V PI-PSO has a recovery 

time shorter by 20.52% than the conventional PI and has a smaller 

voltage deviation of 16.67% than the conventional PI. 

Fig. 12 and table 6 illustrate the capability of the output 

voltage system to dynamically change the reference value. In the 

condition without controller, the system is not able to respond to 

changes in reference at all. This is indicated by all parameters 

between recovery time and voltage deviation (∆V) which is 0V. 

Signaling that the system has no control to adjust the voltage to the 

changing reference. As a result, the output voltage remains stagnant 

and far from the required value, which is not ideal for systems that 

require stability and adaptivity. 

When the system is given a conventional PI controller, there 

is a significant improvement in performance. The system is able to 

respond to changes in the reference. For example, when the 

reference is increased to 63V at second 0.2 until the system shows a 

recovery time of 0.091 seconds and the voltage deviation reaches 

6.44V. Meanwhile, when the reference is lowered to 33V at the 0.4 

second, the recovery time becomes 0.066 seconds with a deviation 

of 12.34V. Although the conventional PI has been able to follow the 

reference changes, the system still experiences considerable 

overshoot and undershoot, and the response is not optimal in terms 

of speed and stability. 

The most noticeable improvement occurs when a PI controller 

optimized with the PSO algorithm (PI-PSO) is used. At second 0.2 the 

reference was increased to 63V, the recovery time improved to 0.073 

seconds and the voltage deviation reduced to 5.28V. While at the 

reference down to 33V at second 0.4, the recovery time becomes 

0.052 seconds, and the deviation is only 10.70V. This shows that PI-

PSO has a faster and more accurate response and is able to reduce 

overshoot and undershoot significantly. 

While in discharge mode, PI-PSO produces a shorter recovery 

time of about 19.78% from PI and a smaller voltage deviation of 18% 

from conventional PI when the reference rises to 63V. While when the 

voltage drops to 33 V PI-PSO produces a recovery time of 21.21% from 

PI and a smaller voltage deviation from PI by 13.29%. 

Based on simulations when the reference voltage changes, 

the PI-PSO controller shows better performance compared to the 

conventional PI and the system without a controller. This can be seen 

from the recovery time and lower voltage deviation. Overall, PI-PSO 

provides a faster response and is also able to stabilize the output 

voltage better when the system undergoes reference changes. This 

shows that the PSO algorithm successfully finds more optimal PI 

parameters in dealing with changes in transient conditions. 

4.2. Input Voltage Change 

This test is only performed in charge mode, the input voltage 

is changed by decreasing and increasing from the original input 

voltage. However, the reference and load voltages are constant. An 

example in this test is a photovoltaic system where the output 

produced is unstable because it is highly dependent on the intensity 

of sunlight. The simulation results of the performance seen in the 

first test are the recovery time (trec) and ∆V of the three controllers. 

Figure 13 and table 7 aim to evaluate the system response when 

there is a change in the input voltage, while the reference voltage 

remains constant. In the no-control condition, the system does not 

respond at all to changes in input voltage. Neither when Vin is 

increased to 96V at second 2 nor when Vin decreases to 36V at 

second 4, there is no output voltage adjustment. This can be seen 

from the recovery time and voltage deviation (∆V) values which 

remain at 0 or no change at all. This condition indicates that the 

system does not have the flexibility or controllability of the source 

condition, which can lead to instability in the charge condition.  
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Table 7 Performance of input voltage change PI-PSO, conventional PI, and No controller in charge mode. 

No. Vin (V) R (Ω) 
𝑽𝒓𝒆𝒇 

(V) 

No Controller PI PI-PSO 

𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 

1. 48 

100 25.98 

0.00 0.00 0.00 0.00 0.00 0.00 

2. 60 - - 1.569 0.0049 0.996 0.0049 

3. 36 - - 0.026 0.0041 0.021 0.0039 

 

Fig. 13 Performance of input voltage change PI-PSO, 

conventional PI, and No controller in charge mode 

With the use of a conventional PI controller, the system 

begins to show a response to changes in input. When Vin is 

increased to 60V at second 2, the system requires a recovery time 

of 1.569 seconds with a voltage deviation of 0.0049V against the 

reference. Conversely, when Vin is lowered to 36V, the recovery 

time becomes 0.026 seconds with a voltage deviation of 0.0041V. 

This indicates that the conventional PI has been able to maintain a 

relatively stable voltage, but the recovery time is still relatively slow, 

and the voltage deviation has not been fully minimized. 

The best performance is shown by the system with PI-PSO 

controller. When Vin is increased to 60V, the recovery time is slightly 

shorter at 0.996 seconds and the voltage deviation is equally small 

at 0.0049V. When Vin drops to 36V at the 4th second, the recovery 

time becomes faster at 0.021 seconds with a smaller deviation of 

0.0039V. This performance reflects better adaptive capability and 

higher system stability as the deviation remains very small even 

though the input voltage changes drastically. 

From the simulation results, it is known that PI-PSO provides 

the best performance with a recovery time of 36.52% better than PI 

and with the same reduction in voltage deviation as the 

conventional PI when the voltage is increased to 60 V. Meanwhile, 

when the input voltage is lowered to 36 V, PI-PSO produces 19.23% 

better recovery time than conventional PI and produces 4.88% 

smaller voltage deviation than conventional PI. 

The sensitivity analysis indicates that the buck converter’s 

output remains remarkably stable despite fluctuations in the input 

voltage. Assuming 𝑉𝑟𝑒𝑓 = 48 𝑉  and 𝛥𝑉𝑖𝑛 = ±12 𝑉 , the output 

variation for the conventional PI controller under an input increase to 

60 𝑉 is only 𝛥𝑉 = 0.0049 𝑉, giving a sensitivity of 𝑆 = 0.0004083 𝑉/

𝑉  (approximately 0.00041 𝑉  change in output per 1 𝑉  change in 

input), or a relative deviation of just 0.01021% from 𝑉𝑟𝑒𝑓. When the 

input decreases to 36 𝑉 , 𝛥𝑉 = 0.0041 𝑉  ( 𝑆 = 0.0003417 𝑉/𝑉 , 

0.00854%). The PI–PSO controller shows comparable sensitivity during 

voltage rise (𝑆 = 0.0004083 𝑉/𝑉) but better resilience during voltage 

drops with 𝛥𝑉 = 0.0039 𝑉  ( 𝑆 = 0.0003250 𝑉/𝑉 , 0.00813% ). In 

other words, a 1 V change in supply only causes about 0.00033 −

0.00041 𝑉  deviation at the output, confirming the system’s high 

robustness against input disturbances, with PI–PSO performing slightly 

better under downward fluctuations. 

In terms of stability, the dynamic response clearly benefits 

from the PSO-based optimization. When the input rises to 60 𝑉, the 

recovery time for the conventional PI controller is 1.569 𝑠, while the 

PI–PSO controller stabilizes in only 0.996 𝑠 - a 36.5% improvement. 

During a drop to 36 V, recovery improves from 0.026 𝑠 to 0.021 𝑠 

(19.2% faster). The steady-state error is highest below 0.0049 𝑉  (≤

 0.01021%  of 48 𝑉 ), and with the PI–PSO, the voltage error in drop 

events is decreased from 0.0041 𝑉 to 0.0039 𝑉 (4.88% improvement). 

The findings demonstrate that the PI–PSO controller enhances 

dynamic stability by improving settling time and damping but 

leaving or enhancing steady-state stability relative to the standard 

PI controller. 

4.3. Disturbance 

This section discusses the response of the bidirectional 

converter system to external fault conditions. The purpose of this test 

is to determine the durability and stability of the controller system in 

maintaining the output voltage during a disturbance. Simulations are 

carried out with three system conditions, namely without a controller, 

using a conventional PI controller, and using a PI controller optimized 

with the PSO algorithm (PI-PSO). Disturbance testing is carried out to 

test the extent to which the controller is able to maintain the stability 

of the output voltage when the system experiences sudden changes 

such as voltage spikes or drops. Simulation results show that the PI-

PSO controller has the fastest and most stable response in returning 

the system to the reference state.  

Fig. 14 and table 8 present the simulation results showing 

the system response when experiencing sudden disturbances or 

unexpected source fluctuations. In the condition without controller, 

the system does not show the ability to overcome the disturbance. 

This can be seen from the recovery time and voltage deviation 

values which are both zero. Which means the system is unable to 

readjust its output voltage after a disturbance. The voltage remains 

stagnant without any effort to recover to the reference value, 

indicating that the system is not suitable for dynamic applications 

that require voltage stability. 

 

Fig. 14 Performance of disturbance PI-PSO, conventional PI, and No 

controller in charge mode.
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Table 8 Performance of disturbance PI-PSO, conventional PI, and No controller in charge mode. 

No. 
𝑽𝒐𝒖𝒕 

(V) 
R (Ω) 

𝑽𝒓𝒆𝒇 

(V) 

No Controller PI PI-PSO 

𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 

1. 25.98 

100 25.98 

0.00 0.00 0.00 0.00 0.00 0.00 

2. 26.22 - - 3.18 0.2379 2.08 0.2374 

3. 25.74 - - 3.42 0.4838 2.82 0.4828 

Table 9 Performance of disturbance PI-PSO, conventional PI, and No controller in discharge mode. 

No. 
𝑽𝒐𝒖𝒕 
(V) 

R (Ω) 
𝑽𝒓𝒆𝒇 

(V) 

No Controller PI PI-PSO 

𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 𝒕𝒓𝒆𝒄(s) ∆𝑽(V) 

1. 48 

100 48 

0.00 0.00 0.00 0.00 0.00 0.00 

2. 63 - - 0.042 15.008 0.038 15.006 

3. 33 - - 0.093 30.08 0.076 30.10 

 

 

Fig. 15 Performance of disturbance PI-PSO, conventional PI, and No 

controller in discharge mode. 

Meanwhile, the system with a conventional PI controller 

shows better performance when a disturbance occurs. The system 

was able to restore the voltage close to the reference value when the 

disturbance occurred at second 2.5. With a voltage of 26.22V, the 

recovery time for disturbances using conventional PI is 3.18 seconds 

and the voltage deviation reaches 0.2379V. As for the disturbance that 

occurred at the 6th second, with the disturbance reaching 25.74V, the 

recovery time on the conventional PI controller reached 3.42 seconds 

and the voltage deviation reached 0.4838V. It shows that the system 

is starting to be able to overcome the disturbance and return to 

stability even though the response is relatively slow and there is a 

slight overshoot. Thus, the PI controller is good enough but can still be 

improved, especially in terms of recovery speed. 

Meanwhile, the PI-PSO controller shows the best 

performance in dealing with disturbances. The system with PI-PSO is 

able to respond faster and the voltage deviation is smaller when a 

disturbance occurs at second 2.5 with a recovery time of 2.08 seconds 

and a voltage deviation of 0.2374V. As for the disturbance that 

occurred at the 6th second, with a disturbance reaching 25.74V, the 

recovery time on the PI-PSO controller reached 2.82 seconds and a 

smaller voltage deviation of 0.4828V. from the analysis results show 

that the system is able to restore stability with a faster response and 

smaller deviation this is evidence that the optimization of parameters 

𝐾𝑝 and 𝐾𝑖 using the PSO algorithm significantly improves the 

resilience and stability of the system against disturbances. 

In charge mode, the PI-PSO system recorded a shorter 

recovery time of about 34.59% than the conventional PI when the 

reference rose to a voltage of 26.22 V with a smaller voltage 

deviation of about 0.21%. While at a voltage drop to 25.74 V PI-PSO 

has a recovery time shorter by 17.54% than the conventional PI and 

has a smaller voltage deviation of 0.21% from the conventional PI. 

 Fig. 15 and table 9 provide an overview of the system's 

ability to maintain voltage stability in the form of output when 

external disturbances occur. In the condition without a controller, 

the system does not show an adaptive response to disturbances. 

Recovery time and voltage deviation (∆V) are recorded as 0, 

indicating that the system is completely passive and unable to adjust 

itself when a disturbance occurs. As a result, the output voltage is 

unstable and keeps deviating from the reference value. 

When given a conventional PI controller, the system shows 

improvement. When a disturbance occurs at the second to 0.2 with a 

disturbance reaching 63V, the PI is able to restore the voltage towards 

the reference value with a recovery time of 0.042 seconds and a 

voltage deviation of 15.008V. As for the disturbance that occurred at 

the 0.4 second, with a disturbance reaching 33V, the recovery time on 

the conventional PI controller reached 0.093 seconds and a voltage 

deviation of 30.08V. This shows that the system begins to have 

adaptation and correction capabilities, but there are still shortcomings 

in terms of response speed and voltage deviation. 

The best performance is shown by the system with PI-PSO 

controller. This system provides the fastest response, the system 

shows improvement. When a disturbance occurs at the second to 0.2 

with a disturbance reaching 63V, PI-PSO is able to restore the voltage 

towards the reference value with a recovery time of 0.038 seconds 

and a smaller voltage deviation than the conventional PI of 15.006V. 

As for the disturbance that occurred at second 0.4, with a disturbance 

reaching 33V, the recovery time on the PI-PSO controller is faster 

reaching 0.076 seconds and a voltage deviation of 30.10V. Indicating 

that PI-PSO is able to respond quickly to disturbances and maintain 

voltage stability better than conventional PI. 

While in discharge mode, PI-PSO produces a shorter 

recovery time of about 9.52% from PI and a smaller voltage 

deviation of 0.013% from conventional PI when the reference rises 

to 63 V. While when the voltage drops to 33 V PI-PSO produces a 

recovery time of 18.28% from the conventional PI. However, the 

voltage deviation is still superior to conventional PI by about 0.066% 

from PI-PSO. 

Overall, PI-PSO is able to maintain system stability and 

suppress errors during disturbances in both charge and discharge 

modes. This indicates that tuning 𝐾𝑝 and 𝐾𝑖 through PSO provides 

better disturbance suppression power than conventional 

controllers. 
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5. Conclusion 

In charge mode, the results obtained 𝐾𝑝 = 60.019 and 𝐾𝑖  = 

305.05, PI-PSO controller is able to accelerate the rise time with the 

rise time reduced from 0.958 seconds (PI) to 0.707 seconds (PI-PSO), 

and overshoot decreased from 25.9841V to 25.9838V. In addition, 

PI-PSO reduces the oscillation compared to conventional PI by 7.7%. 

The system achieves the reference voltage with better precision and 

shows improved system stability in battery charging mode.  

In discharge mode, the results of 𝐾𝑝 = 0.4012, 𝐾𝑖 = 154.208 

were obtained. The application of PI-PSO also provides optimal 

results by suppressing overshoot significantly with the result of 

overshoot decreasing from 55.83V to 50.12V and shortening the rise 

time with the result of rise time decreasing from 0.00117 seconds to 

0.0011 seconds. In addition, the system output becomes smoother 

with smaller oscillations of up to 1.2% than the conventional PI, in 

accordance with the reference for efficient battery discharge. 

The optimized PI controller using the Modified PSO Algorithm 

demonstrates superior performance compared to conventional PI 

controllers and without controllers. This improvement is mainly due 

to improvements in the optimization mechanism. Unlike the basic 

PSO, the modified version integrates a dynamic re-randomization 

process to prevent premature convergence and effectively avoid local 

minima. This allows the algorithm to continue exploring better 

combinations of 𝐾𝑝 and 𝐾𝑖, especially in complex nonlinear system 

responses such as those found in bidirectional converters. 
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