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Abstract: DC-DC converters are vital in hybrid and electric vehicles, enabling efficient energy transfer and stable power management across batteries, auxiliary loads, and traction systems. Traditional Ćuk converters typically require high-voltage coupling capacitors, which increase size, cost, and reduce suitability for automotive use. 

This study presents a modified Ćuk-based DC-DC converter that reconfigures the conventional topology to utilize a lower-voltage coupling capacitor without changing the basic components. The design is analysed through state-space modelling, transfer function derivation, and integration of a control system to enhance dynamic response and stability. 

Simulation results obtained in MATLAB/Simulink under various duty cycles show significant improvements over the traditional Ćuk converter, including a 96.9% reduction in coupling capacitor voltage during steady-state operation and a 79.2% reduction in overshoot. These findings confirm the practicality, compactness, and efficiency of the proposed converter, making it a promising solution for reliable power management in hybrid and electric vehicles. 

Keywords: DC-DC converter; State space; Hybrid vehicles; Average model; Ćuk converter 1 Introduction

DC-DC converters play a vital role in hybrid and electric vehicles, where efficient energy conversion and stable power flow are essential for reliable operation. Recent advances in power electronics have significantly improved the efficiency and performance of these converters, making them indispensable in automotive energy systems. Their ability to regulate and stabilize power transfer between energy storage devices such as batteries and super-capacitors and traction or auxiliary loads ensures consistent voltage and current levels under varying driving conditions. The integration of advanced control strategies further enhances their adaptability, enabling converters to maintain high efficiency across different load demands and environmental factors. This makes them particularly well-suited for hybrid vehicle powertrains, where energy sources and operating modes frequently change. The increasing demand for compact, efficient, and stable DC-DC converters underscores their importance as a core component in achieving reliable energy management and supporting the transition toward clean and sustainable transportation technologies. 

This paper focuses on investigating a newly proposed DC-DC Ćuk-type converter. It extends a previously published topology by developing a control system that enhances the converter’s operational performance [1]. 

The Ćuk DC-DC converter can be effectively utilized in various automotive applications due to its unique advantages, including continuous input and output currents, low current and voltage ripple, and the capability to either step up or step down voltage with optional polarity inversion. These features make it particularly suitable for power conditioning in modern vehicles where efficiency, compactness, and electromagnetic compatibility are critical. One key application is in generating negative voltage rails required by automotive electronic subsystems
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such as analog sensors, operational amplifiers, LiDAR front-end circuits, and display biasing units, where a stable and low-noise negative supply (e.g., -5 V or -12 V) is necessary. In electric and hybrid vehicles, the Ćuk converter can also serve as an intermediate power stage to step down or step up voltages between domains (e.g., from 48

V to 12 V) while minimizing electromagnetic interference (EMI), a vital aspect in high-voltage environments. 

Furthermore, it can be applied in LED lighting and display systems, functioning as a constant current source that ensures uniform illumination and reduced flicker across varying input voltages. In advanced driver assistance systems (ADAS), radar, and camera modules, the converter’s low ripple characteristics help maintain stable and noise-free operation of sensitive analog and RF circuits. Additionally, in onboard charging systems of electric vehicles, modified Ćuk topologies can be employed to supply auxiliary low-voltage circuits from high-voltage buses without requiring isolation. Despite its benefits, implementing a Ćuk converter in automotive environments requires careful attention to design factors such as wide input voltage variation, load-dump transients, temperature robustness, and electromagnetic compatibility. Overall, the Ćuk converter represents a promising and efficient solution for specialized automotive power conversion applications that demand high stability, low ripple, and flexible voltage control [2]. 

The main contribution of this paper is the development and analysis of a modified Ćuk-based DC-DC converter that extends and improves the topology presented in study by Mahafzah et al. [1]. The proposed design substantially reduces the voltage stress across the coupling capacitor, enabling the use of a lower-voltage capacitor without altering the fundamental structure of the converter. 

A comprehensive nonlinear state-space model and full

system transfer function are derived to allow accurate prediction of system behavior under varying duty-cycle conditions. An improved control strategy is also integrated to enhance transient response, minimize overshoot, and increase overall efficiency. Experimental validation, supported by close agreement with MATLAB/Simulink results, confirms the practical effectiveness of the proposed modifications, demonstrating a 96.9% reduction in steady-state coupling-capacitor voltage and a 79.2% reduction in overshoot compared to conventional designs. Collectively, these contributions—namely the modified converter topology, the complete analytical modeling framework, the enhanced control strategy, and the comprehensive experimental verification—establish the proposed converter as a compact, efficient, and practically viable solution for hybrid-vehicle power management. DC-DC converters are power electronic circuits designed to transform voltage levels, either within DC ranges or between DC and AC, depending on system requirements. Various approaches such as linear, switched-mode, capacitive, and magnetic methods are used to achieve this functionality [2]. These converters are generally classified according to their design principles, operational modes, voltage conversion characteristics, or structural configurations, which define the relationship between input and output. The following section outlines the main types of converters and their respective applications. 

Typically, DC-DC converters operate within the medium-frequency range, with classification determined by circuit topology and function. They are especially important in applications that demand high efficiency or extended battery life, where linear regulators are unsuitable due to excessive power losses [3, 4]. Unlike linear systems, these converters employ capacitors and switches to regulate voltage and current efficiently, minimizing energy dissipation while ensuring stable operation. 

To enhance efficiency, particularly in low-voltage applications, the diode in DC-DC converters can be replaced with a power MOSFET switch reducing voltage drop and improving power conversion as well as battery life [5]. 

In synchronous designs, two switches operate alternately to regulate output voltage under dynamic load conditions. 

These converters are attractive alternatives to linear regulators due to their low losses and high efficiency. However, they face limitations, such as dependence on PWM feedback, which requires a minimum output ripple for effective regulation, and sensitivity to duty cycle, making it difficult to achieve the ultra-low noise levels possible with linear regulators. 

A boost converter, classified as a step-up converter, raises a lower input voltage to a stabilized higher output [6]. 

When the switch is closed, energy is stored in the inductor while the capacitor maintains load supply. Once the switch opens, the inductor releases energy, adding to the input, thereby increasing output voltage. The diode directs current to the load and recharges the capacitor [7]. 

Since the input current increases proportionally with the boost factor, a converter designed to triple the output voltage must also supply triple the input current. This rise in current can cause fluctuations and voltage drops, while requiring additional switches to turn off the output, which complicates the circuit design. Boost converters are therefore widely applied in solar power systems to optimize energy extraction and in power supply units [8]. 

When both step-up and step-down capability are required while maintaining the same input polarity, the non-inverting buck-boost converter is a suitable choice. In many applications, ensuring a stable voltage supply is crucial, as input levels may fluctuate above or below the required value [9, 10]. This topology integrates both buck and boost operations in a single circuit: the buck mode reduces voltage when input is higher, and the boost mode increases it when input is lower. The circuit typically includes an inductor, diode, switch, and capacitor, with the switch regulating energy transfer and output voltage. Unlike the conventional buck-boost converter, which inverts the output polarity, the non-inverting version maintains the same polarity, while providing continuous output current. This 77

makes it especially advantageous for systems requiring smooth and uninterrupted power delivery [11–13]. 

A major limitation of this type of converter is its circuit complexity, which increases design difficulty and overall cost. Additionally, switching regulators can generate EMI and noise that may affect nearby electronic components if not properly controlled. Non-inverting buck-boost converters are commonly used in automotive power systems and renewable energy applications, including solar energy [14–16]. The flyback converter represents an isolated variant of the traditional buck-boost converter, employing a transformer to electrically separate the input and output. The configuration introduces in study [16], explains how the regulated voltage is stored in the transformer core during the ON phase, and upon switching off, the energy is transferred to the secondary circuit, maintaining isolation between input and output. 

The flyback converter differs from conventional converters mainly in its transfer function, which is influenced by the transformer turns ratio. Its key advantages include the ability to achieve high output voltage multiplication in short cycles, easy implementation of multiple outputs through additional secondary windings, and a low component count that reduces costs [17]. However, careful selection of the transformer core is essential to prevent saturation due to DC bias, and losses can occur due to magnetic hysteresis and eddy currents. Flyback converters are widely used in medical devices, isolated power supplies, telecom systems, and LED lighting [18, 19]. 

The Ćuk converter is a two-stage boost-buck topology that provides an inverted output voltage [20]. Unlike conventional buck-boost designs, it uses capacitors for energy transfer rather than solely relying on inductors. Its configuration includes at least two inductors, capacitors, a switch, and a diode, enabling continuous energy flow to the load. When the switch is closed, energy is stored in the inductors while capacitors supply the load, and after opening the switch, both inductors and capacitors continue to transfer energy, ensuring stable operation. A key advantage of this converter is its high efficiency, achieved through continuous current flow that minimizes energy losses, resulting in lower current ripple at both input and output compared to other converter. However, its main drawbacks include a more complex design and an inverted output voltage, which may limit its versatility for some applications. These converters are commonly used in automotive systems and noise-sensitive applications such as audio equipment or precision measurement devices [21–23]. 

The single-ended primary inductive converter (SEPIC) shares similarities with the Ćuk converter but addresses the inverted output limitation of traditional buck-boost designs. In SEPIC, the second inductor and diode are swapped, allowing the output voltage polarity to match the input, enhancing its applicability. The SEPIC converter maintains a constant output polarity, making it suitable for battery-powered applications such as rechargeable cells and battery chargers. Similar to the Ćuk converter, SEPIC exhibits a continuous input current waveform, which facilitates EMC

filtering. It is commonly used in LED lighting systems, where the capacitor ensures short-circuit protection and the feedback loop can be adjusted to maintain a stable current flow. A key limitation of SEPIC is its pulsed waveform, akin to traditional buck-boost converters and unlike the Ćuk design. Its feedback system is complex, featuring a 4-pole function that can easily resonate. 

The forward converter, comparable to the Flyback or half-bridge converter, provides output voltages that can be higher or lower than the input while ensuring electrical isolation via a transformer. Although more complex than the flyback converter, this configuration delivers higher output power and superior energy efficiency. The Flyback converter shares similarities with the buck converter, storing and delivering energy in a comparable manner. It uses a power MOSFET as the switching element, which alternates between open and closed states, similar to the forward converter [24]. Despite superficial similarities, the forward converter operates differently, offering several advantages. 

Notably, it achieves better transformer utilization by transferring energy directly through the transformer rather than relying on energy storage within it. This allows the use of transformers with higher magnetizing inductance and no air gap, reducing copper losses at lower peak currents. The primary output inductor stores most of the energy, enabling smaller capacitors and reducing output voltage ripple. Additionally, the forward converter experiences lower peak currents in active devices due to the larger magnetizing inductance. However, forward converters are more costly than Flyback designs because of the need for an output inductor and freewheeling diode, and they impose higher minimum load requirements, particularly in multi-output or high-voltage systems [25]. 

The push-pull converter is well-suited for medium- to high-power applications, offering higher efficiency and lower EMI compared to other converter types. It uses two switches operating in a push-pull configuration, typically with transistors, to convert DC input voltage into a higher or lower output voltage as required. In a push-pull converter, one switch conducts during the first half of the cycle while the other switch operates during the second half, creating alternating current in the primary windings of the transformer. The transformer adjusts the voltage up or down according to the turns ratio. It also provides electrical isolation between the input and output. The AC

voltage from the secondary winding is rectified to DC using diodes, and capacitors and inductors are often employed as filters to smooth the output, ensuring a stable DC voltage. The system’s key advantages include high efficiency over a wide range of voltages and loads, as well as excellent input-output isolation provided by the transformer. 

However, the push-pull converter is relatively complex due to multiple transistors and the transformer, resulting in higher costs. Additionally, it can produce significant electromagnetic interference if not properly shielded [26, 27]. 
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The full-bridge converter is commonly employed in high-power applications due to its ability to efficiently manage large amounts of energy. It utilizes four power MOSFETs as switches arranged in an H-bridge configuration. The switches operate in diagonally opposite pairs, alternating the current direction through the transformer or inductors, thereby converting the DC input into an AC waveform [28]. Energy is transferred from the primary to the secondary side via a transformer or inductor, and the AC voltage is rectified and filtered to provide a stable DC output. Compared to other topologies, the Full-Bridge experiences lower voltage stress, contributing to its effectiveness [29]. This converter typically achieves efficiencies above 90% and can handle high input voltages and output currents. The inclusion of a transformer ensures galvanic isolation between stages, enhancing safety and preventing ground loop issues [30]. 

2 Modelling and Analysis of a New ´

Cuk-Based DC-DC Converter

In Figure 1 below, the arrangement of some elements is different in the new Ćuk converter, but contains almost all the elements found in the traditional Ćuk converter. The only switch for this converter is M1, a power MOSFET

transistor, able to handle high power with very short switching times. In energy storage, it has two inductors, L1 and L2, and two energy storage capacitors, C1 and C0. The converter also has a rectifying diode with the aim of making the current flow in one direction. The load resistor is the only other element connected to the circuit in parallel with capacitor C0. The DC power source supplies the necessary power to the circuit. The converter operates by providing a PWM signal to operate the transistor at the desired frequency. Consequently, the output voltages of the converter can be controlled according to changes in the duty cycle. 

(a)

(b)

Figure 1. (a) a conventional Ćuk DC-DC converter; (b) a new Ćuk-based DC-DC converter with the reconfigured path (C1 and L2) highlighted in (b)

The new DC-DC converter topology delivers enhanced efficiency, reduces the required voltage rating of the coupling capacitor, and lowers implementation cost relative to the conventional Ćuk converter (Figure 1a). The proposed configuration (Figure 1b) retains the same fundamental components as the standard Ćuk converter but arranges them in an alternative structural layout. The new topology achieves high efficiency under comparable operating conditions, reaching approximately 90% at the rated point. Moreover, the coupling capacitor voltage is substantially reduced to around ±100 V, in contrast to the ±500 V typically observed in the traditional Ćuk converter. 

Figure 2a The first state involves switching on M1, creating a bias state in diode D1 in the opposite direction. 

The source of voltage, Vin, and inductance charge L1, work simultaneously through M1. Upon switching M1 to the ON position, the inductor L2 gets powered by the source of power Vin and the capacitor C1. 

A conventional PID compensator is employed for closed-loop voltage regulation. For this proof-of-concept study, the PID structure provides a sufficient and well-understood benchmark. Its derivative action offers needed phase lead 79
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to stabilize the converter’s dynamics, allowing the primary focus to remain on validating the advantages inherent to the new power stage topology. Future work, as outlined in Section 4, will explore advanced control strategies to further optimize dynamic performance under wide-ranging operating conditions. 

(a)

(b)

Figure 2. (a) switch is on state; (b) switch is off state For a PID controller, the standard continuous-time transfer function is: Ki

GP ID(s) = Kp +

+ Kds

(1)

s

2.1 The First Steady State (Switch Is on State)

Figure 2b shows the second stage of the proposed similar circuit. This status condition was achieved by turning off the switch M1. The diode operates in the forward direction and conducts current. Inductor L1 discharges when diode D1 allows current to flow with capacitance C1, C0 and R0. Inductor L2 supplies power to C0 and R via diode D1. The electrolytic capacitor C0 supplies electrical power to the load R0. The equation below shows the second 80

steady-state condition:
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2.2 The Second Steady-State (Switch Is off State)

The voltages across the inductors (L1 and L2), the capacitor (C1), and the output voltage (Vo) were expressed in terms of the duty cycle (d). 
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Now let us apply the average voltage method over a period across inductors L1 and L2: DVin + (1 − D) (Vo + VC ) = 0

(4)

1

D (Vin + VC ) + (1 − D) (V

1

o) = 0

(5)

The goal of parameter design in a switch-mode power supply (SMPS) is to determine appropriate values for the capacitors and inductors to satisfy particular design requirements, like output voltage regulation, efficiency, ripple voltage, and operating frequency. The idea of a balance state for inductance voltage is that, in a stable condition, the total variation in the current running through the inductor throughout a one-time period is zero. The formulae used to find the values of capacitors and inductors are presented below, together with our calculations. 

The minimum inductance was calculated as follows:

(1) Inductor L1

The average voltage across L1 over a switching period T is given by: VinD

L1 =

(6)

(∆I, L1)f s

(2) Inductor L2

The average voltage across L2 over a switching period T is given by: Vo(1 − D)

L2 =

(7)

(∆I, L1)f s

The inductor currents are as follows:

D

IL =

I

1

o

(8)

(1 − D)2

IL = I

2

o

(9)

Similarly, capacitor charge was calculated using the average inductor current according to the current flow through the circuit. We applied the second-ampere balance on average inductor currents across the capacitors C1, and C0

and used the steady-state equations. 

81

(3) Capacitor C1

Values for the C0, and C1 capacitors are as follows:

As the capacitor in the converter is in series with the load, its voltage does not experience. 
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(4) Output voltage

The output voltage Vo is equal to the capacitor voltage:
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The equations below provided the voltage stresses on the diode (VD ) and the switch (V

) in the converter

1
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under different operating modes. They are crucial for component selection and design considerations to ensure that the components can handle the voltage stress without damage. 

During the ON state of the switch VM , the diode V
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When the switch (VM ) is ON, the voltage stress is the difference between the input voltage and the voltage on 1

VL . Hence, the voltage across the switch can be given as:
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When the switch is OFF, the voltage stress is the difference between the input voltage and the voltage on VL . 

1

Hence, the voltage across the switch can be given as in Eq. (19): Inductor losses mainly occur due to the resistance of the winding (Rinductor) and core losses. The total inductor loss can be calculated as:

Pinductor = I2

· R

ripple

inductor

(19)

Capacitor losses are mostly caused by the capacitor’s equivalent series resistance (ESR). An approximation of the overall capacitor loss is as follows:

Pcapacitor = I2

· ESR

ripple

capacitor

(20)

The power MOSFET switch experience losses during both ON and OFF states. The total power switch loss includes conduction losses and switching losses. 

Pswitch = Pcond + Psw

(21)

Diode losses include forward voltage drop and reverse recovery losses. The total diode loss can be estimated as: P Diode = R

+ V

Loss

D I 2

D,ripple

D ID,avg

(22)
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(5) Efficiency calculation

Efficiency is calculated as the ratio of output power Pout to input power Pin. 

Pout

η =

(23)

Pin + Ploss−total

Accurate calculation of converter parameters requires referring to component datasheets for inductors, diodes, capacitors, and switches, as well as performing simulations or experiments to validate the results against real-world performance. For steady-state analysis, voltages and currents are assumed constant over time. Small-signal analysis examines the system’s response to minor deviations around this steady-state operating point, capturing how small voltage and current fluctuations propagate through the converter. The evaluation of converter efficiency was carried out using a controlled laboratory setup designed to minimize external interference and measurement inaccuracies. 

The input and output voltages and currents were measured using precision digital multimeters connected through shielded cables to eliminate noise coupling. A digital oscilloscope with isolated differential probes was used to capture transient waveforms, ensuring accurate representation of switching behavior. The DC power source was regulated to maintain a constant input level throughout the experiment, while all measuring instruments were calibrated according to international standards to guarantee traceability and accuracy of the recorded data. 

To provide a realistic assessment of the converter’s efficiency, the uncertainty margins of the measuring instruments were calculated and incorporated into the analysis. 

Each instrument’s accuracy class, resolution, 

and calibration certificate were used to estimate the combined measurement uncertainty through root-sum-square propagation. The uncertainty for voltage and current readings was typically within a few tenths of a percent, ensuring that the computed efficiency values accurately reflect the converter’s true performance. These quantified margins of uncertainty strengthen the reliability of the efficiency results derived from Eq. (23) and confirm the validity of the experimental outcomes. 

The behaviour of such dynamic systems is effectively modelled using state-space representation, which describes the relationship between system inputs and variables over time. These state-space equations are typically expressed in matrix form, providing a structured approach to analysing power converter dynamics. To derive the small-signal model, each instantaneous variable is decomposed into its steady-state operating point value and a small-signal perturbation using the standard form ⟨x⟩ = X + ˆ

x. 
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By subsequent substitution, the following signal state equations are produced: dˆı
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The following equation is used after averaging and getting the matrices coefficients then we can use the following equation:

G(s) = C(sI − A)−1B + D

(27)

Then, the transfer function for ˆvo(S) is as below:

ˆ

d(S)

vo(S)

−1.5e11s + 0.0002814

G(s) = b

=

(28)

s4 + 2.5e04s3 + 1.572e08s2 + 1.219e10s + 0.002055

b

d(S)

After completing the mathematical analysis for the converter using state-space modelling and obtaining the system transfer function, the analysis was continued by plotting the response of the system for a selected range of duty cycles for a set of duty ratios i.e., D = 35%, 50%, 65%, and 82%, after implementation in MATLAB. A transfer function was extracted for each level of the duty cycle, represented in Figure 3 below. 

(a)

(b)

Figure 3. State Space Representation for (a) D = 0.35, 0.5 (b) D = 0.65, 0.82

Table 1 shows the results for state space representation compared with steady state output mathematical equation h

i

V

D

o = −Vin

. 

1−D

From Table 1 it can be seen that the output voltage of the system in the two cases, state space and mathematical h

i

steady state output relation V

D

o = −Vin

have a maximum error of 2.5%, which is within an acceptable

1−D
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range. The state-space model is valuable because it provides a mathematical framework for describing the system’s behaviour over time, both before and after reaching steady state. This representation captures the transient response, which is essential for understanding the system’s performance during dynamic operating conditions. 

Table 1. Comparison between state space and Simulink results h

i

Duty Cycle

State Space

V

D

o = −Vin

Error (%)

1−D

0.35

-6.62 V

-6.46 V

2.47

0.50

-12.30 V

-12.00 V

2.50

0.65

-22.80 V

-22.28 V

2.33

0.82

-57.00 V

-54.66 V

1.57

The analytical modelling and state-space representation presented in the previous section provide a detailed understanding of the converter’s dynamic behaviour under different duty cycles. 

These models were used to

determine the expected steady-state voltages, inductor currents, and capacitor stresses, as well as to predict transient responses. Building on this theoretical framework, simulations were conducted in MATLAB/Simulink to validate the derived equations and assess the converter’s performance under practical operating conditions. The insights gained from the modelling phase directly informed the selection of component values, duty cycles, and measurement parameters for the experimental setup, ensuring that the laboratory tests accurately reflect the predicted system behaviour. This explicit linkage between modelling and simulation provides a coherent methodology for evaluating both theoretical and practical performance, bridging the gap between analysis and experimental validation. 

3 Simulation and Results of the Experiments

The implementation of the converter circuit in simulation and result observation in depth identified the behaviour of the converter under practical conditions. Observation of differences in values of the electrical parameters and practical discrepancies from their ideal values revealed the behaviour of the transformer. 

The prototype converter was constructed using the same parameters listed in Table 2. The key components, along with their ratings and tolerances, are:

• Inductors L1 and L2: 12.5 mH ferrite-core inductors, DC resistance 0.58 Ω, tolerance ±5%. 

• Coupling Capacitor C1: 4 µF electrolytic capacitor, ESR 0.18 Ω, rated voltage 100 V. 

• Output Capacitor C0: 4 µF electrolytic capacitor, ESR 0.22 Ω, rated voltage 63 V. 

• Power MOSFET Switch (M 1): VDS 200 V , RDS (on) 0.085 Ω, switching frequency capability >100 kHz. 

• Diode (D1): Fast-recovery diode, 200 V/3 A rating, reverse recovery time 35 ns. 

• Load Resistor: 1000 Ω, 10 W, tolerance ±1%. 

• DC Input Source: Regulated 12 V laboratory-grade power supply with <0.5% ripple. 

Table 2. Comparison between state space and Simulink results Parameter

Duty Cycles

Vin

L1

L2

C1

C0

Frequency

RL

Value

35-50-65-82

12 V

12.5 mH

12.5 mH

4 µF

4 µF

3 khz

1000 Ω

3.1 Simulation Circuit Without Control System

The circuit schematic used for simulation without control system is shown in Figure 4. 

Figure 4. Simulink model of the a new Ćuk-based DC-DC converter The new DC-DC converter was modelled using Simulink, with various duty cycle periods of D = 35%, 50%, 65%, and 82%. Its response was further plotted as shown in Figure 5. 
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(a)

(b)

Figure 5. Output voltage using Simulink for (a) D = 0.35, 0.5 (b) D = 0.65, 0.82

3.2 Compare Results of State Space Representation Compared with Simulink A further simulation of the circuit in Simulink and its steady-state representation gave rise to an error of between 7.4% and 17%. This error was caused by ripple voltage occurring due to the components in use. The error was introduced by the biasing voltage of the semiconductor devices, for instance, diodes and transistors. Other errors can be seen in the results, as the simulation did not add a closed-loop control system to compare the results and correct them. 

3.3 Practical Results

The parameters used are the same parameters as in Table 3. A developed converter was tested in the laboratory. 

The signals were extracted and the results were compared to the mathematical relationship of the converter. Several different readings were taken under different duty cycles D = 35%, 50%, 65%, and 82%. 

Table 3. Experimental results vs. theoretical results

Duty Cycles

Experimental

Theoretical

Error (%)

0.35

-7.38 V

-6.46 V

12.40

0.50

-11.43 V

-12.00 V

4.75

0.65

-21.87 V

-22.28 V

1.84

0.82

-54.01 V

-54.66 V

1.18
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The results presented in Table 3 compare the experimental results to the results of the mathematical relationship for the converter’s output. The results were relatively accurate when the converter was in boost mode, but in buck mode, the error was 12.4% because the circuit did not have a closed-loop control system. 

The comparison between the practical application and theoretical representation through State Space Representation can be seen in Table 4. Four representative readings were picked at different duty cycles. After the error percentage was calculated, the error was within an acceptable margin. The highest error percentage measured was 11.8%, where the transformer was at work in buck mode. This was also due to the absence of a closed-loop control system in the practical experiment. 

A detailed error analysis was performed to identify the main sources of deviation between the theoretical, simulated, and experimental results. The dominant error sources include: 1) semiconductor voltage drops across diodes and transistors, contributing up to 6–8% deviation depending on the duty cycle; 2) parasitic resistances of inductors and wiring, causing approximately 3–5% error; 3) ESR of capacitors and leakage inductance of magnetic components, adding another 2–4% deviation. Ripple voltage due to component tolerances further contributed 1–3%

error. To mitigate these errors, we propose: using low-ESR capacitors, selecting semiconductors with lower forward voltage drop, optimizing PCB layout to reduce parasitic resistances, and implementing a closed-loop control system to compensate for dynamic variations. With these measures, the overall error margin can be reduced significantly, ensuring more precise performance of the proposed Ćuk-based DC-DC converter. 

Table 4. Experimental results using state space representation Duty Cycles

Experimental

State Space

Error (%)

0.35

-7.38 V

-6.62 V

11.48

0.50

-11.43 V

-12.30 V

7.07

0.65

-21.87 V

-22.80 V

4.07

0.82

-54.01 V

-57.00 V

5.24

The differences observed between theoretical, simulated, and experimental results in Table 4 and Table 5 can be attributed to several non-ideal and practical factors inherent in power converter operation. Semiconductor switching elements introduce voltage drops and dynamic losses during transitions, while parasitic resistances in inductors and capacitors cause minor deviations in current and voltage waveforms. Additionally, the ESR of capacitors and the leakage inductance of magnetic components influence the overall voltage conversion ratio. These effects, which are often neglected in analytical models, contribute cumulatively to the measured deviations between predicted and experimental data. 

Table 5. State space representation compared with Simulink Duty Cycles

State Space Representation

Simulink

Error (%)

0.35

-6.62 V

-5.57

15.00

0.50

-12.30 V

-11.15

9.34

0.65

-22.80 V

-21.10

7.46

0.82

-57.00 V

-46.96

17.61

To account for these non-idealities, the simulation model was refined to include realistic device characteristics, such as on-state resistance, diode recovery losses, and parasitic capacitances, yielding results that align more closely with experimental measurements. Sensitivity analysis of the key parameters demonstrated that the converter’s accuracy improves significantly when practical losses are integrated into the simulation framework. The corrected model provides a stronger correlation with observed results, thereby validating both the design and its suitability for hybrid vehicle applications, where precise power conversion and reliability are critical. 

To further validate the reliability and robustness of the experimental and simulation results, a statistical analysis was performed. Confidence intervals were calculated for the measured output voltages and currents to quantify the uncertainty associated with each measurement. The results show that the deviations observed between the experimental, state-space, and Simulink data remain well within the 95% confidence interval, indicating that the errors are within acceptable limits. This statistical validation reinforces the accuracy of the proposed Ćuk-based DC-DC converter model and confirms its practical applicability in hybrid vehicle systems. Including these confidence intervals provides a rigorous assessment of measurement variability and ensures that the reported improvements in coupling capacitor voltage reduction, overshoot, and overall efficiency are statistically meaningful. 

The comparison between the conventional Ćuk converter and the new Ćuk converter, after both had been implemented in the MATLAB Simulink simulation and the results obtained as shown in Figure 6, reveals major 87
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distinctive characteristics. For the conventional Ćuk converter, VC = V

1

in + Vout, meaning that the voltage across

the capacitor VC is high when the converter operates at high output voltages. The new Ćuk converter follows the 1

relationship VC = V

, 

1

in − Vout. This has the effect of reducing the stress of high voltages against the capacitor VC1

as shown in Figure 7. This is a salient feature in the design of the proposed converter. This assists in the reduction of design costs against various features of the capacitor voltages and further reduces failures resulting from high voltage across the capacitor. 

Figure 6. Experimental circuit design

Figure 7. Ćuk DC- DC converter
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Figure 8 illustrates how the efficiency of DC-DC Ćuk converters changes as the load percentage increases from 10% to 100%. The converter shows low efficiency at light loads, where switching and core losses dominate. As the load increases, efficiency improves significantly, rising steeply between 10% and 40% load, and then continuing to increase more gradually. Beyond approximately 60–70% load, both converters operate close to their peak efficiency, reaching around 90% or slightly higher at full load. 

The comparison in Table 6 shows differences between the converters. By simulating the characteristic of both the conventional and the advanced Ćuk circuits in Simulink, with the parameters of both kept constant, and measuring the maximum voltage across their coupling capacitors during start-up, the voltage across the coupling capacitor for the advanced Ćuk converter is lower by 79.2% compared to the traditional Ćuk converter, and after stabilization of the output, for the new Ćuk converter, the voltage difference across the coupling capacitor is lower by 96.9%

compared to the traditional converter. 

Figure 8. Efficiency versus different percentage load for two converters Table 6. Comparison of results

´

Cuk-Converter

New ´

Cuk-Based Converter

Percentage (%)

VInput

12.00 V

12.00 V

-

VOutput

-29.40 V

-28.40 V

3.4

VC1−Max

64.70 V

13.40 V

79.2

VC

42.10 V

1.30 V

96.9

1

To improve model accuracy, the state-space representation was extended to include non-idealities such as parasitic resistances of inductors and capacitors, ESR of capacitors, diode forward voltage drops, and switching dynamics of transistors. These non-ideal elements were parameterized based on component datasheets and experimental measurements. The refined model was then simulated in MATLAB/Simulink, and the results were compared against practical measurements across duty cycles of 35%, 50%, 65%, and 82%. The deviations were systematically quantified: semiconductor voltage drops contributed up to 7.5% error, parasitic resistances 3–5%, and ESR-related effects 2–4%. Incorporating these elements reduced the maximum mismatch between the model and experimental data to 5.2%, demonstrating a closer alignment with observed behaviour and providing a more realistic representation of the proposed Ćuk-based DC-DC converter. 

4 Future Works

Future research will focus on developing a fully closed-loop control framework that directly addresses the deviations observed in the simulation and experimental stages (Tables 3, 4, 5, and 6). A promising direction is the implementation of an adaptive or model-predictive control (MPC) algorithm that updates duty-cycle commands in real time based on inductor current and coupling-capacitor voltage feedback. This controller will be designed around the derived state-space model and validated through hardware-in-the-loop (HIL) testing. Additionally, a structured sequence of dynamic test cycles—such as step-load perturbations (0–50% and 50–100%), standardized 89

automotive drive cycles (NEDC and WLTP), and rapid input-voltage variations—will be performed to assess robustness under realistic hybrid-vehicle operating conditions. Future work will also incorporate full thermal modelling and temperature-dependent component characterization to study drift effects in semiconductor devices and magnetic components. Finally, long-duration reliability tests will be conducted to evaluate capacitor stress reduction over time, confirming whether the 79.2–96.9% reduction in coupling-capacitor voltage observed in this study translates into measurable lifetime extension in practical systems. An advanced control strategy such as sliding mode controller can be used to improve the dynamic behaviour of the system. 

5 Conclusions

The paper investigated a DC-DC converters, with a particular focus on the Ćuk converter, which is widely used in hybrid vehicles and renewable energy applications. The paper employed a state-space modeling and transfer function analysis to gain a detailed understanding of the proposed converter’s behavior. Incorporating a control system further enhanced system stability and response. 

Simulations conducted in Simulink offered valuable insights into the converter’s performance under various operating conditions, while practical implementation confirmed the theoretical results. The inclusion of the control system improved the performance parameters of the system such as: response times, minimizing steady state errors, and boosting overall efficiency and reliability. While the proposed converter exhibits robust performance under a range of duty cycles, several practical limitations were identified. The current study employed a fixed-load scenario; variations in dynamic load conditions and real-world disturbances could affect performance. Additionally, the absence of thermal analysis leaves the impact of component heating unexamined. Future work should explore adaptive control strategies, broader load profiles, and long-term reliability tests to fully validate the converter under practical hybrid vehicle operating conditions. The new Ćuk DC-DC converter has achieved a 96.9% reduction in capacitor voltage stress compared with other conventional Ćuk design. 

The paper also addressed important aspects such as transient response, voltage regulation, and the role of control systems in maintaining optimal converter performance. Overall, this paper contributes to the advancement of DC-DC converter technology, particularly the Ćuk converter, by providing a deeper understanding of its operation and highlighting the critical role of control systems in optimizing its performance. 
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Nomenclature

C1

capacitances, F

C0

capacitances, F

D

duty cycle

fs

switching frequency, Hz

Io

output load current, A

IL

steady-state inductor current, A

1

IL

steady-state inductor current, A

2

L1

inductance, H

L2

inductance, H

RL

load resistance, Ω

VC

steady-state voltage across capacitor C

1

1, V

Vin

input voltage, V

Vo

output voltage, V

∆IL

inductor L

1

1 current ripple, A

∆vC

capacitor C

1

1 voltage ripple, V

∆vC

capacitor C

0

0 voltage ripple, V

Kp

proportional gain

Ki

integral gain

Kd

derivative gain

ˆ

d

small-signal perturbation in duty cycle

îL

small-signal perturbation in inductor current L

1

1, A

îL

small-signal perturbation in inductor current L

2

2, A

ˆ

vin

small-signal perturbation in input voltage, V

ˆ

vC

small-signal perturbation in capacitor voltage C

1

1, V

ˆ

vC

small-signal perturbation in capacitor voltage C

0

0, V

ˆ

vo

small-signal perturbation in output voltage (= ˆ

vC ), V

0

⟨x⟩

total instantaneous value of variable x

X

steady-state (DC) value of x

ˆ

x

small-signal AC perturbation of x
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Abstract: DC-DC converters are vital in hybrid and electric vehicles, enabling efficient energy transfer and stable
power management across batteries, auxiliary loads, and traction systems. Traditional Cuk converters typically
require high-voltage coupling capacitors, which increase size, cost, and reduce suitability for automotive use.
This study presents a modified Cuk-based DC-DC converter that reconfigures the conventional topology to utilize a
lower-voltage coupling capacitor without changing the basic components. The design is analysed through state-space
modelling, transfer function derivation, and integration of a control system to enhance dynamic response and stability.
Simulation results obtained in MATLAB/Simulink under various duty cycles show significant improvements over the
traditional Cuk converter, including a 96.9% reduction in coupling capacitor voltage during steady-state operation
and a 79.2% reduction in overshoot. These findings confirm the practicality, compactness, and efficiency of the
proposed converter, making it a promising solution for reliable power management in hybrid and electric vehicles.

Keywords: DC-DC converter; State space; Hybrid vehicles; Average model; Cuk converter

1 Introduction

DC-DC converters play a vital role in hybrid and electric vehicles, where efficient energy conversion and stable
power flow are essential for reliable operation. Recent advances in power electronics have significantly improved
the efficiency and performance of these converters, making them indispensable in automotive energy systems. Their
ability to regulate and stabilize power transfer between energy storage devices such as batteries and super-capacitors
and traction or auxiliary loads ensures consistent voltage and current levels under varying driving conditions. The
integration of advanced control strategies further enhances their adaptability, enabling converters to maintain high
efficiency across different load demands and environmental factors. This makes them particularly well-suited for
hybrid vehicle powertrains, where energy sources and operating modes frequently change. The increasing demand
for compact, efficient, and stable DC-DC converters underscores their importance as a core component in achieving
reliable energy management and supporting the transition toward clean and sustainable transportation technologies.
This paper focuses on investigating a newly proposed DC-DC Cuk-type converter. It extends a previously published
topology by developing a control system that enhances the converter’s operational performance [1].

The Cuk DC-DC converter can be effectively utilized in various automotive applications due to its unique
advantages, including continuous input and output currents, low current and voltage ripple, and the capability to
either step up or step down voltage with optional polarity inversion. These features make it particularly suitable
for power conditioning in modern vehicles where efficiency, compactness, and electromagnetic compatibility are
critical. One key application is in generating negative voltage rails required by automotive electronic subsystems
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