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ABSTRACT

	Aims: To design and implement an optimized non-linear DSP-based control strategy using one-cycle control (OCC) for a boost converter aimed at mitigating voltage fluctuations in renewable energy systems integrated with DC microgrids, and to evaluate its performance under dynamic load and input voltage conditions.
Study design: Experimental validation with simulation-based pre-testing.
Place and Duration of Study: Department of Electrical Engineering, [Ankara Yildirim Beyazit University], simulations conducted using MATLAB/Simulink, and hardware implementation tested using the TMS320F28069M digital signal processor. The study was carried out over a 6-month period in 2024.
Methodology: An OCC duty cycle pre-calculation method was implemented on a DSP-based controller (TMS320F28069M) to enable real-time adjustments to the boost converter’s duty cycle in response to variations in input voltage and load conditions. MATLAB/Simulink simulations were first used to evaluate performance, followed by experimental testing under input transitions from 13V to 24V and vice versa, and load shifts from half to full load and reverse.

Results: The proposed controller achieved a steady-state voltage with minimal ripple and overshoot: 0.3 Vpp / 14.3% for 13–24V and 0.5 Vpp / -12.31% for 24–13V transitions, with settling times of 3.6 ms and 1.9 ms, respectively. Load transition tests (half to full and full to half) resulted in settling times of 1.2 ms and 1.6 ms, with voltage overshoots of 8.33% and -6.64%, respectively. The system reached a peak efficiency of 90.26%.
Conclusion: The study demonstrates that OCC-based non-linear DSP control methods offer fast, stable, and efficient regulation of boost converters in renewable energy applications, making them highly suitable for DC microgrid integration.
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1. INTRODUCTION

The intermittent nature of the output power of renewable energy sources (RES), such as solar and wind, presents significant challenges when utilized in distributed energy generation systems (Bose, 2017; Fang et al., 2019; Mukesh Kumar, 2015; Olabi, 2017; Zhong & Hornik, 2012). DC-DC converters provide an effective means of mitigating these drawbacks by effectively regulating the output voltage to a desired reference bus voltage by using various control methodologies to drive the system to the desired steady state(Bayoumi, 2003; Gupta & Bhatnagar, 2017; Odhafa et al., 2021). Since the output voltage of these RES is widely dependent on the environmental conditions that are beyond our control, the control method and the converter topology dictate the type of response that is achievable(Gorji et al., 2016; Maroti et al., 2018; Shanbog & Pushpa, 2019). The boost converter, among the wide range of converter topologies, is often utilized in DC microgrids to couple various RES to a common DC-bus due to its simple design, efficiency, and relatively high power density(Banaei et al., 2014; Varghese et al., 2019).

Although the boost converter topology is effective for renewable energy generation applications, the control technique implemented plays a significant role in the overall system stability, thereby influencing the robustness and fast response of the converter to rapid changes in environmental factors that impact the system output(Krein, 2007; Meesala, 2012; Neethu et al., 2016; Yazici et al., 2009). Various control methods are employed for the effective control of DC-DC converter topologies with varying degrees of complexity, taking into account the nonlinearities associated with these converters(İskender & Karaarslan, 2005; Lešo et al., 2018; Silva & Pinto, 2007; Wan et al., 2007). The primary objective is controlling the output voltage, inductor, and/or load currents under varying operating conditions(Lešo et al., 2018). Linear controllers use linear approximations of system state variables and feedback loops to achieve a control objective based on well-defined control theory. They have less complexity, making them simple to design and implement. Voltage mode control with a PID controller(Ellabban & Van Mierlo, 2009), as well as current(Chattopadhyay & Das, 2006; Jang et al., 2015) and hysteresis controllers(Karaarslan & Iskender, 2010; Kiran et al., 2016; Nisantasi, 2013), are examples of commonly used linear control methods. Nonlinear and digital control methods, such as sliding mode control and intelligent digital control, are used in DC-DC converters due to their robust performance and ability to handle system nonlinearities effectively (Alonge et al., 2022; Bevrani et al., 1999; Chan, 2007; Kratmüller, 2009; Lenz & Pagano, 2013). More robust and intelligent control methods, such as neural network-based systems like artificial neural networks (ANN), model predictive, and fuzzy logic (Neethu et al., 2016) control methods are also gaining traction in converter control applications

(Ćuk, 1995; Cuk, 1995) presented a novel nonlinear control method as applied to a buck converter to adjust the duty cycle of the switch with the average value of the chopped waveform at the output diode matching the control reference during each cycle. The proposed controller depends on the resettable integrator, and its resetting accuracy with experimental validation of the controller indicates an input voltage perturbation rejection in a switching cycle resulting in a faster system response(Dhara et al., 2024; Karaarslan & Shaibu, 2022; Mathew & Rani*, 2020; Zhang et al., 2023).

This paper presents a digital signal processing (DSP) based cycle control (OCC) method as applied to the boost converter in an effort to control the output voltage. The work focuses on theoretical analysis and simulation analysis of the controller using MATLAB/Simulink and actual implementation of the proposed circuit for the specified parameters12 V input, 25 kHz switching frequency, load of 50 W.

2. Boost Converter 

The boost converter as depicted in Figure 1 has a simple design, comprising of a single switch, a diode, an inductor, and a capacitor. During the non-conductive phase, both the switch and the diode are subjected to a voltage stress equal to the output voltage. Considering a continuous conduction mode the topology has two distinct modes of operation comprising the turn and turn off period of switch for a give duty cycle for a fixed frequency PWM signal.
[image: A diagram of a circuit
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Fig. 1. Conventional boost converter topology


2.1 Mode 1(DTs)
 During the switch's turn-on period, the input voltage energizes the inductor, while the diode is reverse-biased and non-conductive, allowing the capacitor to provide the load current, as depicted in the equivalent circuit in Figure 2.
	
	(1)
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Fig. 2 Equivalent circuit for mode 1

In contrast, during the turn-off period, the diode is forward biased by the resultant voltage of the input Vg and inductor voltage, and the capacitor is charged while the load is supplied simultaneously, as depicted in the equivalent circuit in Figure 3.
	
	(2)


[image: ]
Fig. 3 Equivalent circuit for mode 2
The derived input out voltage relationship is express as:
	
	(3)



3. One Cycle Control
The OCC method is also known as the integration-reset technique, and the major component of this control method is the resettable integrator(Boloor & Halvaei, 2014). The OCC as depicted in figure 4 is a nonlinear control theory that consists of a constant frequency clock, comparator and integrator that is used to control some form of signals(Benli et al., 2017).
[image: A diagram of a circuit
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Fig. 4. Constant frequency one cycle control implementation circuitry
Observing the switched variables of the boost converter, such as the switch voltage Vsw, indicates that the input voltage is an average value of the switched variable, hence the area under voltage pulse divided by the period gives the input voltage and hence a control scheme for a constant frequency converter can be implemented using by reciprocating this idea of the relationship between Vsw and Vin. Equation 4 expresses the negligible switch voltage during the conduction period.
	
	(4)


Equation 6 describes the non-conduction phase of the switch, which indicates that the switch's voltage stress is equal to the output voltage.
	
	(5)



By substituting equation 3 into equation 5, we obtain equation 6, which outlines the relationship between the input voltage Vg the switch voltage Vsw, and the duty cycle D.
	
	(6)


Over the switching period Ts the area under the switch voltage Vsw divided by the period is equivalent to the average input voltage Vg
	
	(7)


Alternatively, given that Vsw is equal to Vo, equation 7 can be rearranged to derive equation 8. This equation demonstrates that the area under the output voltage Vo during the turn-on period DTs is equal to the average area of the difference between Vo and Vg
	
	(8)

	
	(9)


In a closed-loop system, the desired output Vo must be equal to the reference value Vref. The mathematical representation of the one cycle control technique can thus be given by the following equations 10.
	
	(10)


During the clock period Ts, the integration of Vref is carried out and the results are compared with the right-hand side of equation 11. When the integral of Vref is less than or equal to Vref - Vg, the PWM signal is set high. Once the integral value reaches or exceeds Vref - Vg, the comparator resets the flip-flop, the PWM signal is set low, and the integrator is reset, as shown in the flowchart in Figure 5. 
	
	(11)



[image: A diagram of a flowchart
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Fig. 5. Controller Flowchart
Figure 6 illustrates the OCC waveform, displaying the integrator output, Vref - Vg, the clock, flip-flop reset, and the PWM signal.
[image: A diagram of a graph
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Fig. 6. Controller Signal Waveform
4. SIMULATION STUDIES
The equivalent model of the converter is simulated in the MATLAB/Simulink environment using the design parameters in Table 1, and the results are provided in this section. The theoretical values and simulation results are congruent, the simulation shows the viability of the suggested control mechanism. Simulation results were consistent with theoretical values, validating the controller for practical implementation.
Table 1 	Simulation and Experimental Parameters.
	[bookmark: _Hlk177308832]Parameter
	
	Specifications

	Input Voltage
	Vg
	12 V

	Output Voltage
	Vo
	24 V

	Output Power
	Po
	50 W

	Output Current
	Io
	2.08 A

	Switching Frequency
	fs
	25 kHz

	Inductance
	L
	120 µH

	Output Capacitor
	Co
	350 µF

	Max Duty Cycle 
	d
	0.5


The system demonstrated stable performance by achieving a steady output voltage of 24V, within a settling time of 6ms, a peak-to-peak voltage ripple of 0.43V and an overshoot of 13.75%. This was observed for a constant input voltage of 12 V, duty ratio of 0.5, and a switching frequency of 25 kHz, as shown in figures 7.
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Fig. 7. Output Voltage of OCC controlled boost converter
The output voltage response of the converter is simulated by varying the input voltage parameters. Figure 8 depicts the response observed for voltage variations from 13 V to 24 V. The simulation result for the 13 V to 24 V transition indicates an overshoot of 27.08%, considering ideal components and a settling time of 4.5 ms. 
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Fig. 8 Output voltage for a step reference voltage variation13V - 24V
The step change in reference voltage from 24 V to 13 V as depicted in Figure 9 and is characterized by an undershoot o 12.8% and a corresponding settling time of 3.8 ms.
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Fig. 9 Output voltage for a step reference voltage variation 24V - 13V
The output load response is observed by varying the output load of the system at a constant switching frequency, reference and input voltage value. Figure 10 and 11 shows the converter's response to load changes, specifically from full load to half load and from half load to full load in order to observe the controller response. The figure shows the output voltage (Vo), input voltage (Vg), reference voltage (Vref) and load currents (Io). The over and undershoot during the transitions were found to be 4.92% and -5.08%, respectively, with corresponding settling times of 1.92 ms and 5.06 ms.
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Fig. 10 Output Voltage for full to half load variation
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Fig. 11 Output Voltage for half to full load variation
5. EXPERIMENTAL STUDIES
The experimental validation of the control method is applied to the boost converter with the experimental setup displayed in Figure 12 below. The control method was implemented in the MATLAB/Simulink environment with the TMS320F28069M microcontroller utilizing the DSP 12-bit ADC channels ADCINA0 and ADCINB0 for the measurement of the input and output voltages respectively. Also the PWM output is accomplished through the enhanced PWM channel ePWM1 at a fixed frequency of 25 kHz.

[image: A close-up of a circuit board
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Fig. 12 Experimental prototype of OCC controlled boost converters
Figure 13 indicates a step response of the OCC-controlled boost converter for a reference voltage transition from 13 V to 24 V under constant load conditions, with an input voltage of 11.88 V from a standard 12 V battery supply and a current of 4.78 A. The steady-state output voltage of 24 V and a ripple voltage of 0.3 Vpp was recorded at a load of 11.52 Ω, an overshoot of 14.3% was observed under this transition, and Vo settles in 3.6 ms. The system efficiency under this operation condition is calculated to be 90.26%. 
[image: A graph of a graph
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Fig. 13 Experimental output voltage for reference voltage variation (13V-24V)
Similarly, figure 14 shows the step response of the converter with the OCC control for a reference voltage transition of 24 V to 13 V under constant load conditions and an input voltage of 11.95 V and an input current of 1.53 A, with a steady-state output voltage of 13 V and 0.5 Vpp ripple voltage recorded at load resistance of 11.52 Ω, and voltage sag of 12.31% was observed under this transition, the output voltage settle to a steady state value in 1.9 ms. The system efficiency was calculated to be 86.52%
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Fig. 14 Experimental output voltage for reference voltage variation (24V-13V)
The step load response of the OCC-controlled converter for a load transition full-half load and half-full load was also observed under a constant input voltage and output voltage reference of 24 V. Figure 15 and 16 show the converter's output voltage for the step changes in load. Under a full load of 11.52 Ω to a half load of 23.04 Ω, an overshoot of 8.33% was observed following a step change with the system reaching steady-state condition in 1.2 ms. 
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Fig. 15 Experimental output voltage for load variation (full to half load)
Figure 16 depicts the transition of half to full load step response, which indicates a voltage sag of 6.64 % with a settling time of 1.6 ms.The half-load operation is characterized by an input voltage of 11.91 V with an input current of 2.42 A, output voltage of 24 V and 0.3 Vpp. The overall system efficiency of 88.92% was recorded. In contrast to the simulation results, the experimental results demonstrated smaller overshoots and faster settling times, attributed to the resistance in PCB traces and other parasitic elements

[image: A screen shot of a graph
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Fig. 16 Experimental output voltage for load variation (half to full load)
6. CONCLUSION 
The DSP-implemented OCC method for pre-calculating and optimizing the duty cycle of a boost converter has demonstrated fast response times and improved system stability. For an input voltage transition from 13V to 24V, the system achieved a settling time of 3.6 ms with a 14.3% overshoot, while for a transition from 24V to 13V, it settled in 1.9 ms with a -12.31% overshoot. Voltage ripple was well-controlled, staying within 0.3Vpp to 0.5Vpp. In load variation tests, the settling times were 1.2 ms and 1.6 ms for full-to-half load and half-to-full load transitions, with overshoots of 8.33% and sags of -6.64%, respectively. The converter efficiency peaked at 90.26% under steady-state conditions. These results highlight the effectiveness of OCC in ensuring fast dynamic responses, minimal voltage ripple, and high efficiency, making it a valuable control strategy for renewable energy systems. Future work can explore parameter tuning and application to different converter topologies to broaden its usage.
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