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 A novel approach to improving the dynamic response of a half-bridge 

bidirectional DC-DC converter is presented in this paper, particularly in the 

face of disturbances from internal or external sources. These converters, 
which are integral to the operation of DC microgrids, are responsible for 

stepping up or stepping down voltage as required. To optimize the 

converter's performance under varying conditions, we propose an adaptive 

integral sliding mode controller (AISMC) enhanced by particle swarm 
optimization (PSO). The proposed controller leverages the strengths of both 

super-twisting sliding mode control (STSMC) and adaptive control, 

providing a robust and responsive solution to the challenges posed by the 

converter's nonlinear dynamics. The system's stability is rigorously ensured 
through the application of Lyapunov stability criteria, which underpin the 

enhanced performance of the controller. Simulations conducted in the 

MATLAB/Simulink environment demonstrate that the AISMCPSO 

outperforms conventional control strategies, offering superior stability, 
robustness, and precision. The results clearly indicate that the proposed 

approach minimizes errors and enhances the overall efficiency and reliability 

of the bidirectional half-bridge DC-DC converter, making it a highly 

effective solution for DC microgrid applications. 
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1. INTRODUCTION 

Bidirectional DC-DC converters have been essential in recent times for controlling and stabilizing 

DC bus voltage in a range of applications, including microgrids, distributed generating systems, energy 

storage systems, electric cars, power filters, and solar or wind energy systems [1], [2]. In DC microgrids,  

DC-DC converters are used to raise or lower the energy produced, which typically does not match the 

demands of the load [3], [4]. A DC-DC converter functioning in bidirectional mode enhances the efficiency 

and performance of DC microgrids by serving as an interface between a power source and a storage unit [5]. 

Notwithstanding the significant role that two-way DC-DC converters play in the aforementioned 

applications, a number of researchers have focused on their control due to various issues, including voltage 

ripple, output-tracking performance that is susceptible to time-varying system parametric uncertainties, 

nonlinear properties, and mismatched and matched disturbances that require attention [6]. A suitable control 

strategy will help solve some of these challenges and ensure the efficient performance of the system [3]. 

Because of their versatility and ease of use, proportional-integral (PI) and proportional-integral-derivative 
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(PID) controllers are frequently utilized in the control of DC-DC converters working in bidirectional mode. 

They are limited when it comes to working with nonlinear systems. However, lengthy settling times, 

significant overshoot, and a lack of robustness in the face of parameter variations are typically the main 

features of results obtained with such controllers [2], [7]–[11]. Pany et al. [12] and Cheng et al. [13] have 

done some work on the linear control of bidirectional DC-DC converters. Although these suggested 

controllers achieved their design goals, they still have certain shortcomings, including poor performance 

during parameter fluctuations, extended settling and rising periods, overshoot, and resilience. DC-DC 

converters working in bidirectional mode are better when using nonlinear controllers. Many studies have 

been done on the sliding mode control (SMC) of DC-DC converters running in bidirectional mode, and the 

results obtained met the objectives for which they were designed. However, numerous works are presented in 

the literature to address some of the problems posed by the nonlinearity of the half-bridge bidirectional DC-

DC converters studied in these papers. One of the most exploited controllers is the SMC, despite the problem 

of chattering with it. The efficacy of this approach can be attributed to its nonlinear features, great stability, 

ease of implementation, resilience, and insensitivity to perturbations [14] and [15]. Moreover, due to the 

nonlinearity property of bidirectional DC-DC converters, linear control techniques cannot cope with this type 

of system, leading to some limitations, such as large voltage disturbances [16]. Despite the good control 

qualities of SMC, there are still some issues with this control technique that need to be handled. The 

chattering effect, poor performance under significant load and parameter fluctuations, and the existence of 

steady-state flaws in the regulation are a few of these difficulties [1]. Researchers have suggested various 

control strategies to manage the bidirectional half-bridge DC-DC converters in an effort to address some of 

these issues. Numerous solutions are available in the literature to address some of the problems with SMC 

that are shown in [7], [15], [17]–[20]. In order to guarantee stability, quick reaction times, and steady state 

properties, [2], [13] created a few control strategies with acceptable outcomes. In their simulated results, it is 

evident that the proposed controllers performed better than the existing ones in terms of stabilization and 

reference tracking under load resistance variations, input voltage variation, and Buck-boost mode switching 

of a DC-DC converter working in bidirectional mode. However, there are still several problems with the 

aforementioned control strategies, including the complexity of the design, the necessity for precise selection 

of the adaptive gains, and the need for further steady state error reduction. 

The paper addresses the significant challenges in controlling half-bridge DC-DC converters working 

in bidirectional mode, which are crucial in applications such as DC microgrids, energy storage systems, and 

electric vehicles. These converters manage the bidirectional flow of energy, stepping up or stepping down 

voltages as needed. However, their nonlinear behavior and sensitivity to disturbances, such as input voltage 

fluctuations and load variations, create substantial control difficulties. Traditional controllers, like PI and PID 

controllers, are commonly used due to their simplicity but have notable limitations when applied to these 

converters. PI and PID controllers often struggle with slow settling times, where the system takes longer to 

stabilize after a disturbance. They are also prone to overshoot, where the output exceeds the desired value 

before settling, and lack robustness against parameter variations, meaning small changes in system 

parameters can lead to degraded performance or instability. These issues result in suboptimal performance, 

manifesting as voltage ripple, poor output tracking, and overall instability, which undermine the efficiency 

and reliability of the converters in dynamic environments. In high-demand applications like energy storage 

and electric vehicles, these performance shortcomings can lead to energy losses, reduced system efficiency, 

and even system failures. The paper highlights the need for more advanced control strategies that can 

overcome the limitations of traditional methods, ensuring higher efficiency, reliability, and stability in 

managing the complex dynamics of half-bridge bidirectional DC-DC converters. 

To address these challenges, the paper proposes a robust adaptive integral sliding mode control 

(AISMC) approach enhanced by particle swarm optimization (PSO). This control strategy combines the 

advantages of adaptive sliding mode control with the robust nature of integral sliding mode control, while 

PSO is utilized to optimize the sliding coefficients dynamically. The AISMC is designed to adapt to changes 

in system dynamics, including load resistance variations and external disturbances, thereby improving the 

overall stability, accuracy, and performance of the DC-DC converter functioning in bidirectional mode. The 

proposed controller is validated through numerical simulations in a MATLAB/Simulink environment, which 

demonstrate its effectiveness in maintaining output voltage stability, reducing chattering phenomena, and 

minimizing steady-state errors compared to traditional control methods. 

The results from the MATLAB/Simulink simulations reveal that the proposed AISMC outperforms 

conventional PI and standard integral sliding mode controllers (ISMC) across various scenarios, including 

input voltage disturbances, reference voltage changes, and load resistance variations. Notably, the AISMC 

achieves a significant reduction in the settling time, rise time, and undershoot in both step-up and step-down 

modes of operation. For instance, in buck mode, the AISMC reduced the settling time to 2.6 ms compared to 

8.4 ms with the PI controller and minimized undershoot to 0.083% compared to 1.83% with the PI controller. 

In boost mode, the AISMC demonstrated similar improvements, with a settling time of 0.3 ms and an 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 15, No. 1, February 2025: 114-128 

116 

undershoot of 0.041%. These results underscore the proposed controller's superior performance in enhancing 

the efficiency and reliability of half-bridge bidirectional DC-DC converters in dynamic and uncertain 

environments. As a result, the following can be used to summarize this paper's primary contributions: 

− Development of a robust AISMC strategy: In this research, a novel control technique augmented by PSO 

that combines integral sliding mode control and adaptive sliding mode control is presented. By addressing 

nonlinear dynamics and disturbances in half-bridge bidirectional DC-DC converters, this solution offers 

enhanced stability, precision, and robustness in comparison to conventional control techniques. 

− Optimization of sliding mode controller parameters: the use of PSO to dynamically optimize the sliding 

coefficients in the AISMC framework is a significant contribution. This optimization ensures that the 

controller can adapt to varying system conditions, such as changes in load resistance and input voltage, 

thereby maintaining optimal performance. 

− Improvement in system efficiency and reliability: The proposed AISMC significantly enhances the 

efficiency and reliability of half-bridge bidirectional DC-DC converters, making them more suitable for 

dynamic and uncertain environments, such as those found in DC microgrids, energy storage systems, and 

electric vehicles. 

− Reduction of chattering phenomena: The paper addresses the common issue of chattering in sliding mode 

controllers by integrating an adaptive mechanism that reduces oscillations and improves the smoothness 

of the control response, contributing to more stable and reliable converter operation. 

 

 

2. METHOD  

This paper employs a comprehensive and systematic approach to implementing an optimal control 

solution for a bidirectional half-bridge DC-DC converter. The methodology is meticulously structured and is 

visually represented in a block diagram in Figure 1, offering a clear and concise overview of the entire process. 

To ensure the robustness and effectiveness of the proposed control solutions, we utilize numerical simulations 

and implementations within the MATLAB/Simulink environment. This simulation platform provides a versatile 

and powerful toolset for modeling, analyzing, and optimizing complex control systems, allowing us to 

rigorously evaluate the performance of our proposed solutions under a variety of operating conditions. The 

process begins with a detailed mathematical modeling of the half-bridge converter, taking into account its 

distinct modes of operation-buck and boost modes. This modeling phase is critical, as it lays the foundation for 

understanding the system's dynamic behavior and identifying the key parameters that influence its performance. 

Following the modeling phase, we proceed to design the controllers for each mode of operation. These 

controllers are meticulously crafted to address the specific challenges connected with the nonlinear dynamics of 

the converter. The next step after design is optimization, when sophisticated methods like particle swarm 

optimization are used to adjust the controller parameters for best results. In the end, the regulated system is 

implemented in the MATLAB/Simulink environment where it is tested extensively under a range of conditions. 

These tests include variations in input voltage, load resistance, and reference voltage, allowing us to thoroughly 

investigate the system's stability, robustness, and overall performance across a wide range of scenarios. This 

methodical approach ensures that the proposed control solutions are not only theoretically sound but also 

practically viable, capable of delivering superior performance in real-world applications. 
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Figure 1. Comprehensive description of the study’s methodology 

 

 

Figure 2 provides a detailed illustration of the system under consideration, which comprises a 

bidirectional half-bridge DC-DC converter. This converter operates with an input voltage Vi and includes a 

battery that is modeled as an internal resistance, denoted as 𝑅𝐿. In this research, 𝑅𝐿 is considered as the load 

when the converter is functioning in buck mode. The choice of the bidirectional half-bridge DC-DC 

converter is strategic due to its capability to efficiently manage the bidirectional flow of energy, making it 

ideal for applications such as DC microgrids and energy storage systems. The control strategy adopted for 

this converter is a combination of adaptive sliding mode control and PSO. This hybrid approach provides a 
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robust, efficient, and flexible control solution capable of handling dynamic changes within the system and 

mitigating external disturbances. The adaptive sliding mode control ensures that the controller can respond to 

abrupt variations in load resistance by dynamically adjusting the control parameters. The PSO algorithm 

further enhances this adaptability by optimizing the sliding mode controller's parameters in real-time, 

allowing the system to continuously adjust to shifts in operating conditions or environmental factors. The 

AISMC is designed to maintain optimal performance by continuously tuning these parameters, resulting in 

increased system efficiency and reduced oscillations, even under varying conditions. This approach ensures 

that the converter operates smoothly across its entire range of functions, providing reliable performance in 

both steady-state and transient conditions. Figures 2(a) and 2(b) show the schematic diagram of the system 

description and converter's topology that was chosen respectively. The two modes that govern this converter's 

operation are step-up, or boost mode, and step-down, or buck mode. The half-bridge bidirectional DC-DC 

converter (BDC) topology consists of a DC bus voltage 𝑉𝑖 on the DC microgrid side, 𝑉𝑜 is the output voltage 

on the energy storage unit side, 𝐶𝐴 and 𝐶𝐵 are capacitors on the DC microgrid side and energy storage unit 

side respectively, 𝑆1 and 𝑆2 are the upper and lower switches of the converter respectively. 𝐷1 and 𝐷2 are the 

diodes of the upper and lower switches of the converter, and 𝐿 represents the inductor. The sophisticated 

control technique and extensive system design guarantee that the bidirectional half-bridge DC-DC converter 

performs well in a variety of settings, offering excellent performance and dependability in its intended use. 
 

 

  
(a) (b) 

 

Figure 2. Schematic diagram of the system description (a) general schematic diagram and (b) half-bridge 

bidirectional DC-DC converter 
 

 

2.1.  Buck mode of operation 

The topology of a bidirectional half-bridge DC-DC converter is chosen for this study because of the 

small current and voltage stresses of diodes and switching elements. Moreover, the existence of active 

components of small conduction loss as compared to other non-isolated bidirectional DC-DC converters [21]. 

The selected converter can be found in [21], [22]. This converter operates in two modes, i.e. buck and boost. 

The converter is made up of a DC bus voltage 𝑉𝑖 on the DC microgrid side and an output voltage 𝑉𝐵𝑎𝑡 on the 

battery side depending on the operating mode. 𝐶𝐴 and 𝐶𝐵 represent the capacitances of the capacitors 

connected in parallel to the grid and the battery respectively. 𝑆1 and 𝑆2 denote the converter’s upper and 

lower switches respectively. 𝐷1 and 𝐷2 represent the diodes in parallel to the upper and lower switches of the 

converter respectively, and L denotes the inductor. In the buck mode of operation, power flows from the 

microgrid side to the load side. During this mode of operation, switch 𝑆1 and Diode 𝐷2 conduct while 𝑆2 and 

𝐷1 are in OFF positions. Within this interval, 𝑆1 is ON while 𝑆2, 𝐷1 and 𝐷2 are turned OFF. The inductor L 

and Capacitor 𝐶𝐵 are charged. 𝐷2 behaves as a freewheeling diode when 𝑆1 and 𝑆2 are turned OFF. To ease 

modeling, the battery is considered as an internal resistance. Equations (1) and (2) are derived from the 

application of Kirchhoff’s current and voltage laws. The equivalent circuit of a half-bridge bidirectional DC-

DC converter operating in step-down is illustrated in Figure 3. Figures 3(a) and 3(b) represent the equivalent 

circuit of the converter when the upper switch is on and off, respectively. 

− Output equation when the upper switch is ON: 

 

{
 
 

 
 

𝑑𝐼𝐿

𝑑𝑡
 =  

𝑉𝑖𝑛 − 𝑉𝐵𝑎𝑡

𝐿
𝑑𝑉𝑐𝐵
𝑑𝑡

= 
𝐼𝐿

𝐶𝐵
 − 

𝑉𝑐𝐵
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𝑑𝑉𝑐𝐴
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=
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− Output equation when the lower switch is ON: 

 

{
 
 

 
 

𝑑𝐼𝐿

𝑑𝑡
 =  − 

𝑉𝑐𝐵

𝐿
𝑑𝑉𝑐𝐵

𝑑𝑡
 =  

𝐼𝐿

𝐶𝐵
 −  

𝑉𝑐𝐵

𝑅𝐿𝐶𝐵
𝑑𝑉𝑐𝐴

𝑑𝑡
=

𝑉𝑎−𝑉𝑖𝑛

𝑟1𝐶𝐴

 (2) 

 

 

  
(a) (b) 

 

Figure 3. Equivalent circuit of half-bridge bidirectional DC-DC converter operating in buck mode (a) on state 

and (b) off state 

 

 

2.2.  Boost mode of operation  

In the step-up mode of operation, 𝑆2 is turned ON and 𝑆1 remains OFF. The battery discharges 

thereby supplying the load with 𝑆2 and 𝐷1 conducting while 𝑆1 and 𝐷2 are turned OFF. During the first 

interval, 𝑆2 is turned ON with 𝑆1, 𝐷1, and 𝐷2 maintained at OFF position. The inductor L and 𝐶𝐴 are charged 

and no current flows through 𝑆1. During the second interval, 𝑆2 and 𝑆1 are turned OFF, the circuit becomes 

an open circuit. The voltage across the inductor changes direction. 𝐷1 becomes forward biased and 𝐶𝐴 is 

charged on a higher voltage than the input voltage. The circuit then operates in step-up mode. The following 

mathematical equations for the upper switch and lower switch on, respectively, may then be derived by using 

Kirchhoff's voltage law (KVL) and Kirchhoff's current law (KCL) in Figure 4. This leads us to (3) and (4). 

The corresponding circuit of the converter is shown in Figures 4(a) and 4(b) when the upper switch is turned 

on and off, respectively. 
 

 

  
(a) (b) 

 

Figure 4. Equivalent circuit of a half-bridge bidirectional DC-DC converter operating in boost mode; 

(a) off state and (b) on state 

 

 

− Output equation when the upper switch is ON 

 

{
 
 

 
 

𝑑𝐼𝐿

𝑑𝑡
 =  

−𝑉𝐶𝐴 + 𝑉𝐵𝑎𝑡

𝐿
𝑑𝑉𝐶𝐴

𝑑𝑡
=  

𝐼𝐿

𝐶𝐴
 −  

𝑉𝐶𝐴

𝑅𝐶𝐴
𝑑𝑉𝐶𝐵

𝑑𝑡
=

𝑉𝐶𝐵−𝑉𝑏

𝑟2𝐶𝐵
−

𝐼𝐿

𝐶𝐵

 (3) 

 

− Output equation when the lower switch is ON 
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{
 
 

 
 

𝑑𝐼𝐿

𝑑𝑡
 =  

𝑉𝐵𝑎𝑡

𝐿
𝑑𝑉𝑐𝐴

𝑑𝑡
= −

𝑉𝑂

𝑅𝐶𝐴
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𝑑𝑡
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𝑉𝑏−𝑉𝐵𝑎𝑡

𝑟2𝐶𝐵
−

𝐼𝐿

𝐶𝐵

 (4) 

 

 

3. DESIGN OF NONLINEAR CONTROLLERS 

3.1.   Design of integral sliding mode controller  

In designing a sliding mode controller, one must first develop a state space equation for the system 

to be controlled as a function of the control variables [23]. It is then followed by designing a sliding surface, 

which leads to the derivation of a control law and ends by deriving the existing condition of the sliding mode 

controller [24]. To design the proposed controller for this system, we begin by designing an integral sliding 

mode controller with the converter operating in continuous conducting mode (CCM). The integral sliding 

mode control takes into consideration an additional voltage integral error term, which reduces the steady-

state error of the conventional sliding mode controller [22]. 

 

3.1.1. Buck mode 

The ISMC design is quite different from the conventional SMC because it has three control 

parameters, which are the output voltage error 𝑦1, the rate of change of the output voltage error 𝑦2, and 𝑦3 is 

the integral of the output voltage error [25]. In each mode of operation, the control variable used is the output 

voltage 𝑉𝐶𝐵  and 𝑉𝑟𝑒𝑓 signifies the desired value of the output voltage. 

 

Let 𝑦1= 𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐵, 𝑦2=
𝑉𝐶𝐵

𝑅𝐿𝐶𝐵
− ∫(

𝑢𝑉𝑖−𝑉𝐶𝐵

𝐿𝐶𝐵
) 𝑑𝑡, and 𝑦3 = ∫𝑦1dt.  

 

The state space equation with three control parameters ( 𝑦1, 𝑦2, 𝑦3) can be expressed as in (5); 

 

[
ẏ1
ẏ2
ẏ3

] = [

0 1 0

0
1

𝑅𝐿CB
0

1 0 0

] [

y1
y2
y3
] + [−

0
Vi

LCB

0

]𝑢 + [

0
V𝐶𝐵

LCB

0

] (5) 

 

𝑢 = {
1,𝑤ℎ𝑒𝑛   𝑆 ≥ 0
0,𝑤ℎ𝑒𝑛   𝑆 < 0

 (6) 

 

where 𝑢 denotes the switch's switching state and 𝑉𝑖  is the converter's input voltage. The general control law 

that is suitable for this system as adopted from reference [24] is given in (6). 

The sliding surface can be defined in (7) as found in the following reference [25], 

 

𝑆𝑏𝑢𝑐𝑘 = 𝜑1𝑦1 + 𝜑2𝑦2 +𝜑3𝑦3 (7) 

 

𝑆𝑏𝑢𝑐𝑘̇ = 𝜑1𝑦1̇ + 𝜑2𝑦2̇ +𝜑3𝑦3̇ (8) 

 

where 𝜑1, 𝜑2, 𝜑3 are the sliding coefficients. The time derivative of 𝑆𝑏𝑢𝑐𝑘 is: To ensure the existence of 

sliding mode, the following inequality must be fulfilled: 

 

𝑆𝑏𝑢𝑐𝑘. 𝑆𝑏𝑢𝑐𝑘̇ <0 (9) 

 

From sliding mode’s principle, when 𝑆𝑏𝑢𝑐𝑘 <0, �̇�𝑏𝑢𝑐𝑘 > 0  𝑎𝑛𝑑 𝑢𝑒𝑞= 0. When 

 

 𝑆𝑏𝑢𝑐𝑘 > 0,  �̇�𝑏𝑢𝑐𝑘 < 0 𝑎𝑛𝑑  𝑢𝑒𝑞=1 (10) 

 

0 < 𝐿 (
1

𝑅𝐿𝐶𝐵
−

𝜑1

𝜑2
) 𝐼𝐶𝐵 +

𝜑3

𝜑2
(𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐵)𝐿𝐶𝐵 + 𝑉𝐶𝐵 < 𝑉𝑖 (11) 

 

By solving 𝑆𝑏𝑢𝑐𝑘̇ = 0, the equivalent control is obtained that is given in (12), 

 

𝑢𝑒𝑞 =
𝐿(

1

𝑅𝐿𝐶𝐵
−
𝜑1
𝜑2
)𝐼𝐶𝐵+

𝜑3
𝜑2
(𝑉𝑟𝑒𝑓−𝑉𝐶𝐵)𝐿𝐶𝐵+𝑉𝐶𝐵

𝑉𝑖
 (12) 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 15, No. 1, February 2025: 114-128 

120 

0<d = 
𝑉𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑖𝑔𝑛𝑎𝑙

𝑉𝑠𝑎𝑤−𝑡𝑜𝑜𝑡ℎ
 =
𝑉𝑐

𝑉𝑖
 <1 (13)  

 

where 𝑉𝑐 signifies the control signal given in (14)  

 

𝑉𝑐= 𝐿 (
1

𝑅𝐿𝐶𝐵
−

𝜑1

𝜑2
) 𝐼𝐶𝐵 +

𝜑3

𝜑2
(𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐵)𝐿𝐶2 + 𝑉𝐶𝐵  (14) 

 

3.1.2. Boost mode  

In this mode of operation, a current-controlled sliding mode controller is adopted from as stated in 

reference [19]. By letting 𝑧1 be the inductor current error, 𝑧2 be the output voltage error, and 𝑧3 be the 

integral of the sum of the inductor current and output voltage errors. Considering that the converter is 

operating in continuous conduction mode, the variables 𝑧1, 𝑧2, and 𝑧3 can be expressed as (15); 

 

{

𝑧1 = 𝑖𝑟𝑒𝑓−𝐿 − 𝑖𝐿 

 𝑧2 = 𝑉𝑟𝑒𝑓  −  𝑉𝐶𝐴   

 𝑧3 = ∫(𝑧1 + 𝑧2)dt

 (15) 

 

The instantaneous inductor’s reference current,  

 

 𝑖𝑟𝑒𝑓−𝐿= 𝜌(𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐴) (16) 

 

where 𝜌 is the voltage error amplification gain, 𝑉𝑟𝑒𝑓 being the reference output voltage and 𝑉𝐶𝐴  the voltage 

across the capacitor. The time derivative of 𝑧1, 𝑧2, and 𝑧3 can be found as (17)-(19). 

 

𝑧1̇=− 
𝜌

𝐶𝐴
𝐼𝐶𝐴- 

𝑉𝐵𝑎𝑡−𝑢𝑉𝐶𝐴

𝐿
 (17) 

 

𝑧2̇=− 
1

𝐶𝐴
𝐼𝐶𝐴 (18)  

 

𝑧3̇= 𝑧1+ 𝑧2= (𝜌+1) ( 𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐴)− 𝑖𝐿 (19) 

 

where, �̅� is the inverse logic of 𝑢 and denotes as �̅�=1−u. 

Given that (6) represents the overall switching function of a sliding mode controller for this system, 

the sliding surface can be chosen as (20). 

 

𝑆𝑏𝑜𝑜𝑠𝑡 = 𝜆1𝑧1 + 𝜆2𝑧2+𝜆3𝑧3 (20) 

 

with 

 

𝑆𝑇𝑏𝑜𝑜𝑠𝑡=[𝜆1, 𝜆2, 𝜆3] (21) 

 

By finding the time derivative of 𝑆𝑏𝑜𝑜𝑠𝑡 and solving its equal to zero, the equivalent control law becomes. 

 

𝑢𝑒𝑞 = 
𝑉𝐶𝐴− 𝑘2𝐼𝐶𝐴+𝑘1(𝑉𝑟𝑒𝑓−𝑉𝐶𝐴)−𝑘3𝑖𝐿−𝑉𝐵𝑎𝑡

𝑉𝐶𝐴
 (22)  

 

The detailed design of the control law and the calculation of its sliding coefficients can further be 

seen in references [14], [22]. In the boost mode of operation, the sliding mode controller needs to fulfill the 

existence condition, which is given by: 

 

lim𝑆𝑏𝑜𝑜𝑠𝑡
𝑥→0

. 𝑆𝑏𝑜𝑜𝑠𝑡̇ <0,  

 

hence, we can obtain the following inequalities 

 

0< 𝑉𝐶𝐴− 𝑘2𝐼𝐶𝐴 + 𝑘1(𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐴) − 𝑘3𝑖𝐿 − 𝑉𝐵𝑎𝑡<1 (23) 

 

𝑉𝐶 = 𝑉𝐶𝐴− 𝑘2𝐼𝐶𝐴 + 𝑘1(𝑉𝑟𝑒𝑓 − 𝑉𝐶𝐴) − 𝑘3𝑖𝐿 − 𝑉𝐵𝑎𝑡 (24) 
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𝑉𝑟𝑎𝑚𝑝= 𝑉𝐶𝐴 (25) 

 

{
 
 

 
 𝑘1 =

𝜆3𝐿(𝜌+1)

𝜆1

𝑘2 =  
𝐿(𝜌+ 

𝜆2
𝜆1
)

𝐶𝐴

𝑘3 = 
𝜆3

𝜆1
𝐿

 (26) 

 

3.2.  Adaptive integral sliding mode controller 

The goal of adaptive control is to modify the system's behavior in response to modifications in the 

dynamics of the process [26]. We thus incorporate an adaptive property into the traditional integral sliding 

mode control, since non-adaptive sliding mode control is ineffective when it comes to abrupt changes in load 

resistance. In this work, the adaptive sliding mode is used to further lessen the chattering impact in addition 

to resolving the issue of the non-adaptive sliding mode control's poor performance regarding fast changes in 

load. By implementing the adaptive sliding factor described in [27], [28] the design is carried out. The 

definitions of the adaptive sliding coefficient and sliding surface of the adaptive sliding mode are given in 

(27) and (28) accordingly. 

 

𝑆 = 𝛿𝑥1 + 𝜑2𝑥2 + 𝜑3𝑥3 (27) 

 

where 𝜑2 and 𝜑3 are the sliding coefficients. 

 

𝛿= 
𝑅

𝑅𝑐
𝜑1 (28) 

 

where 𝑅𝑐 ≠0 

 

𝑅𝑐=
𝑉𝑜

𝐼𝑜
 ,  with  𝐼𝑜 ≠0  

 

where 𝑅 is the nominal load resistance, 𝜑1 is the sliding coefficient of the controller. 𝑅𝑐 is the instantaneous 

load resistance. Detail study of the adopted adaptive control law can be seen in [28], [29]. The adaptive 

mechanism for the boost mode of operation is designed as in reference [30] as defined in (29), (30) and (31). 

 

𝑢 = 𝑢𝑒𝑞 +  𝑢𝑛 (29) 

 

𝑢𝑛 = 𝛽𝑡𝑎𝑛ℎ(𝑆) (30) 

 

𝛽 = 
𝐼𝑂

𝑉𝐶𝐴𝐶𝐴
 (31) 

 

3.3.  Particle swarm optimization  

Particle swarm optimization (PSO) is an optimization algorithm developed in 1995 by Dr. Eberhart 

and Dr. Kennedy that is based on the social behavior of fish schooling or bird flocking [31]. In recent years, 

researchers in a variety of power electronics converter applications have successfully used the PSO 

technique. This optimization strategy ensures the system will function well in a shorter length of time than 

prior ones [32]. This technique ensures good performance of the system within a short time as compared to 

other optimization techniques [31]. As stated in reference [33], the AISMC design is now expressed as an 

optimization problem defined in (32). 

 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑄(𝜇) =∑ (𝐸(𝑡))2𝑇
𝑡=0  (32) 

 

Subject to 𝑢𝑏 < 𝜇 <lb. 

With 𝑢𝑏 and 𝑙𝑏 being the lower and upper bounds of variables 𝜇 = (𝜑1,𝜑2,𝜑3) and 𝑇 represents the 

start-up time for transient response. The parameters that need to be adjusted in this study are the gains and 

coefficients of the sliding mode controller. PSO's objective is to maximize gains for improved performance 

by optimizing the sliding mode controller's parameter values [34], the initial fitness of each particle in the 

population size was ascertained using the performance index, and the 𝑝𝑏𝑒𝑠𝑡 and 𝑔𝑏𝑒𝑠𝑡, as found in reference 

[35], [36] were then calculated. 
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𝐼𝑇𝐴𝐸 = ∫ |𝑒|
∞

0
  (33) 

 

Table 1 and 2 provide the parameters of the optimum values of sliding coefficients (𝜑1,𝜑2,  𝜑3) for 

the buck mode and sliding mode controller gains (𝑘1, 𝑘2, 𝑘3) for the boost mode, respectively, with 15 being 

the swarm size. To determine each particle's position and velocity in PSO, a 3-x Swarm size matrix is 

utilized. There can be up to 100 iterations in total. The acceleration coefficients for social and personal 

factors are regarded as 𝐶1= 𝐶2=2. Simulating using MATLAB-Simulink, the performance of the optimal 

process is given in Figure 5. Table 2 presents the parameters of the conventional ISMC control technique and 

the suggested controller. 

 

 

Table 1. Parameters of sliding coefficients in Buck mode 
Control strategy 𝜑1 𝜑2 𝜑3 

ISMC 90.1 0.000286 177366 

AISMCPSO 2.4840 4.1120e-8 1.8236e4 

 

 

 
 

Figure 5. Iteration of the PSO algorithm 

 

 

Table 2. Parameters of sliding mode controller gains in Boost mode 
Control strategy 𝑘1 𝑘2 𝑘2 

ISMC 750 30 4 

AISMCPSO 896.01 36.203 16.032 

 

 

4. RESULTS AND DISCUSSION 

This section discusses simulation findings using MATLAB/Simulink to support the viability of the 

suggested adaptive integral sliding mode control augmented by particle swarm optimization for a DC-DC 

converter working in bidirectional mode. The suggested controller for the buck and boost modes of a 

bidirectional DC-DC converter is depicted in Figure 2(a) of the schematic diagram of the system description. 

There is only one switching frequency, which is 20 kHz. For the step-down and step-up modes, the output 

voltages are 12 and 24 V, respectively, while simulating the converter at 4 ohms for buck mode and 60 Ω for 

boost mode. Low voltages, high voltages, and load resistance R are varied during the simulation to confirm 

that the suggested controller operates as intended based on transient responses. Three scenarios are derived 

from the simulation findings. The transient responses of the currents and voltages of the converter to step 

changes are examined in these circumstances. The specifications of the bidirectional half-bridge DC-DC 

converter are listed in Table 3 and were sourced from [22], [25]. 

 

 

Table 3. Simulation parameters of half-bridge bidirectional DC-DC converter 
Parameters Symbol Value 

Input voltage 𝑉𝑖  24 V 

Reference voltage 𝑉𝐶𝐵 12 V 

Inductance L 100 𝜇H 

Capacitance 𝐶𝐴=𝐶𝐵 5 mF 

Switching frequency 𝑓𝑠 20 𝐻𝑧 
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4.1.  Simulation results in buck mode of operation 

Scenario 1: In this scenario, the system admits a disturbance caused by an abrupt shift in input 

voltage from 24 to 40 V with 𝑡 = 0.5 s and from 40 to 15 V with 𝑡 = 0.2 s, respectively. The reference 

voltage is kept constant at 12 volts. The findings demonstrate that all three control strategies function 

satisfactorily in terms of robustness, with the suggested controller outperforming the two traditional methods 

in terms of speed, as seen in Figure 6. Figures 6(a) and 6(b) illustrate the output voltage and current, 

respectively. The waveform of the output voltage of the suggested controller during input voltage disturbance 

rejection is significantly improved upon than that of PI control and traditional integral sliding mode control, 

per the simulation results. 

 

 

  
(a) (b) 

 

Figure 6. Simulation results of bidirectional BDC in buck mode, scenario 1 (a) output voltage and (b) load 

current 

 

 

Scenario 2: The reference voltage in this case is adjusted by decreasing it from 12 to 8 and 10 V at 

intervals of 0.1 and 0.2 s, respectively, while the input voltage is set at 24 V. PI, ISMC, and the suggested 

controller control the converter; Figure 5 displays the output voltage and load current results. It is determined 

that all three control techniques have performed satisfactorily in terms of monitoring the reference voltage. 

Figure 7 makes it clear that the suggested controller has a quicker dynamic reaction in returning the DC-DC 

converter's output voltage to its matching reference values, even in spite of the sudden shift in the reference 

voltage. As a result, the suggested controller maximizes control-tracking accuracy compared to its 

conventional counterparts. The recommended controller outperformed the conventional ones in terms of 

speed, even though both controllers did a good job of rejecting the disturbance, as seen in Figure 7(a) and 

Figure 7(b). It is seen that the PI controller is overshooting. 

 

 

  
(a) (b) 

 

Figure 7. Simulation results of BDC in buck mode, scenario 2 (a) output voltage and (b) load current 

 

 

Scenario 3: In the load resistance test, the load is reduced from 4 Ω to 2 Ω at 0.1 s and then 

increased to 8 Ω at 0.2 s, with a simulation period of 0.3 s. Figures 8(a) and 8(b) display the output voltage 

and load current waveform diagrams when the converter is under the control of PI, ISMC, and the proposed 

controller. From the results, it is observed that the PI control registers an overshoot when the load is 

increased to 8 Ω and an undershoot when the load is decreased to 2 Ω. The ISMC controller undershoots the 
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proposed controller. It is evident in this scenario that the proposed controller outperforms the two traditional 

controllers. 

 

 

  
(a) (b) 

 

Figure 8. Simulation results of BDC in Buck mode, scenario 3 (a) output voltage and (b) load current 

 

 

4.2.  Simulation results in boost mode of operation 

Scenario 1: In the test of input voltage disturbance, the simulation time is 0.3 s. In the time interval 

of 0.1 and 0.2 s, the input voltage is suddenly changed from 12 to 10 V and from 10 to 15 V, respectively, to 

observe the behavior of the output voltage and load current. The load current and output voltage waveform 

diagrams under the control of the three control techniques are shown in Figure 9. According to the results 

shown in Figures 9(a) and 9(b), the proposed controller performs better than its conventional counterparts, 

with the PI controller registering undershoot and overshoot at 0.1 and 0.2 s, respectively. 

 

 

  
(a) (b) 

 

Figure 9. Simulation results of BDC in boost mode with PI, ISMC, and AISMCPSO scenario 1 (a) output 

voltage and (b) load current 

 

 

Scenario 2: In this scenario, the output voltage reference value is changed from 24 to 30 V at  

𝑡 = 0.05 s and from 30 to 20 V at 𝑡 = 0.2 s using a load resistance of 60 Ω. The results of the simulation for 

this situation are shown in Figure 8. With the output voltage set at its reference value, PI and ISMC both 

overshoot and undershoot with a steady-state inaccuracy, as shown in Figures 10(a) and 10(b). Moreover, the 

suggested controller does not overshoot due to the sudden shift in the reference voltage. 

Scenario 3: In the load variation test, when the converter is operating in boost mode, the simulation 

time is 0.3 s, and the load is changed from 60 Ω to 30 Ω at the time of 0.1 s. The output voltage and current 

waveforms under the control of the proposed controller and classical controllers are shown in Figures 11(a) 

and 11(b). From the waveform, the proposed controller outperformed the other two controllers during an 

abrupt change of load. The proposed method is faster in tracking the reference after rejecting the disturbance, 

with the PI controller registering an undershoot before tracking the reference. Moreover, when the load is 

suddenly changed, the fluctuation of the load current and voltage under the suggested controller is also less 

than that of its traditional counterparts. 
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(a) (b) 

 

Figure 10. Simulation results of BDC in boost mode with PI, ISMC, and AISMCPSO scenario 2 (a) output 

voltage and (b) load current 

 

 

  
(a) (b) 

 

Figure 11. Simulation results of BDC in boost mode with PI, ISMC, and AISMCPSO scenario 3 (a) output 

voltage and (b) load current 

 

 

A comparison of the suggested controller, ISMC, and PI controllers is shown in Tables 4 and 5. This 

indicates even more how successful the recommended controller is. Based on these findings, all three control 

strategies performed satisfactorily and accomplished their objectives; however, the recommended controller 

performed the best in terms of chattering phenomena, minimum ripples, reference tracking, and error 

reduction. 

 

Table 4. Comparison of results obtained from PI, ISMC and AISMCPSO in Buck mode with 𝑉𝑖𝑛=24 V, 

𝑉𝑟𝑒𝑓=12 V, and R=2 Ω 
Control strategy PI ISMC PROPOSED 

Settling time (ms) 8.4 4.6 2.6 

Rise time (ms) 0.89 1.25 0.80 

undershoot (%) 1.83 0.13 0.083 

IAE 0.013 0.011 0.0081 

ISE 0.052 0.073 0.069 

SSE 0.013 0.0061 0.0014 

 

 

Table 5. Comparison of results obtained from PI, ISMC and AISMCPSO in boost mode with 𝑉𝑖𝑛=12 V, 

𝑉𝑟𝑒𝑓=24 V, and R=30 Ω 

Control strategy PI ISMC PROPOSED 

Settling time (ms) 1.3 0.7 0.3 

Undershoot (%) 0.13 0.083 0.041 

IAE 0.11 0.10 0.10 

ISE 1.16 1.42 1.42 

SSE 0.0052 0.0044 0.0037 
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5. CONCLUSION 

In this paper, we have presented a robust and adaptive control strategy for a half-bridge bidirectional 

DC-DC converter, which is essential for the efficient operation of DC microgrids, energy storage systems, 

and electric vehicles. The proposed AISMC, enhanced by PSO, has been shown to effectively address the 

challenges posed by the nonlinear dynamics and external disturbances that typically affect such converters. 

Through comprehensive numerical simulations conducted in a MATLAB/Simulink environment, the 

AISMCPSO controller demonstrated superior performance compared to conventional PI and ISMC. The 

results highlighted significant improvements in terms of reduced settling time, minimized overshoot and 

undershoot, enhanced stability, and robustness under various operating conditions, including changes in input 

voltage, load resistance, and reference voltage. The AISMCPSO's ability to dynamically adapt to changing 

system parameters, thanks to the optimization provided by PSO, has proven crucial in maintaining optimal 

performance, reducing chattering phenomena, and ensuring reliable operation across both buck and boost 

modes. The significant reduction in steady-state error and the improved transient response further 

underscores the effectiveness of this control strategy. Overall, this research contributes a highly effective 

control solution for half-bridge bidirectional DC-DC converters, offering enhanced efficiency, reliability, and 

adaptability in dynamic and uncertain environments. This makes it a valuable tool for advancing the 

performance of modern DC microgrids and energy storage systems, where precision and robustness are 

paramount. Future work may focus on experimental validation and further refinement of the control strategy 

to accommodate even more complex system dynamics. 
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