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1. INTRODUCTION

In recent years, the number of electric vehicles (EVs) has increased significantly, primarily due to
their increased efficiency and range [1]-[5]. Over the years, it is anticipated that there will be over 250 million
EVs worldwide [6]. High-gain DC-DC converters, which are crucial for managing the varying voltage
requirements of EV components and renewable energy systems, are a major part of this advancement [7]-[10].
Most DC-DC converters merely pass power and energy in a single direction, e.g., absorbing the energy on the
motor controls or supplying the load on the source [11]. Conventional DC/DC converters, particularly step-up
converters, often face limitations in achieving high voltage gain without compromising efficiency [12], [13].
These are more evident in the applications where small, economical, and dependable solutions of energy
conversion are needed [14]. Furthermore, advanced techniques like sliding mode control (SMC) have been
used in the control of the bidirectional converter of EV chargers to address these challenges [15].

Past research has investigated a number of methods of control to great effect, but with significant
shortcomings. Mohammed et al. [16] applied a fuzzy logic controller-SMC (FLC-SMC) to minimize the
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overshoot, but it complicated the control. Mazumdar ef al. [17] used a genetic algorithm-based SMC
(GA-SMC) in photovoltaic (PV) optimization, but it was computationally demanding. Huang e al. [18]
proposed SMC on a boost converter, but with low voltage gain. Particle swarm optimization (PSO-SMC) was
also employed by Mathew and Abraham [19], but required much tuning. Rahme et al. [20] suggested adaptive
SMC but had no consistent performance with rapid load variations. Valedsaravi et al. [21] created a digital
SMC to charge EVs in a fast manner, but using complex hardware. Falehi [22] presented the chattering-free
binomial hyperbolic sliding mode controller (CFBHSMC), which was optimized by MOSFSA and has low
tracking accuracy and sluggish convergence in PEMFC-based DC-DC boost converter management. Falehi
and Salary [23] suggested the large-gain multi-stage non-isolated step-up converter (HGNISUC), but it has
low efficiency, large current ripple, low voltage gain, and an unstable DC output. A fractional-order SMC
(FOSMC) was proposed by Falehi [24] to efficiently regulate the reactive power and active with increased
computational complexity. A robust perturbation observer-based fractional order sliding mode controller
(RPO-FOSMC) was proposed by Falehi [25] to improve power extraction with fractional control's high
computational complexity. To fill this gap, this study suggests a sliding mode control-based non-isolated
switched inductor quadratic (SMC-NSIQ) DC-DC converter that is a hybrid of a robust nonlinear control
approach and a simplified switched inductor topology. The proposed method is ideal for charging electric
vehicles and applications involving renewable energy since it seeks to improve efficiency while achieving
significant voltage gain. A sliding mode control strategy is implemented to enhance system robustness against
parameter variations to ensure stable and efficient operation under varying load conditions and optimize power
extraction in renewable charging scenarios. Figure 1 shows the configuration of a solar electric vehicle (SEV).
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Figure 1. Configuration of solar electric vehicle

2. PROPOSED SMC - SIBQ DC-DC CONVERTER
The structure of the proposed sliding mode controlled high-gain switched-inductor based quadratic
(SIBQ) DC-DC Converter is presented in Figure 2. The converter includes two active switches S; and S5, three
inductors L, L, and L3, three capacitors C;, C; and Cs, and six diodes D1-D6. A resistive load Rload is
considered. A Switched-Inductor cell is used for increasing the voltage gain without relying on very extreme
duty cycles. The converter operates at a moderate duty ratio of D=0.382, and both switches are driven
synchronously, which reduces the complexity of gate drive circuits. In the proposed SIBQ converter, analytical
expressions are obtained for CCM under steady state. All circuit components are considered ideal while
deriving analytical expressions.
i) Model (0 <t < DT): Switches S; and S, are ON. Diodes D, and D5 are forward-biased, while the remaining
diodes are reverse-biased. Inductors L, and L, are charged directly from the input through D; and Dj;.
Inductor L4 is charged by capacitors C; and C,. Output capacitor C; supplies the load.

U, = Vin ()
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Figure 2. Proposed SMC- SIBQ DC-DC converter

ii) Mode II (DT < ¢ < T): Switches S; and S, are OFF. Diodes D,, D,, D5, and Dg conduct, while D; and D,
are reverse-biased. Inductors L, and L, now discharge in series with the input source. Their stored energy
is transferred through diodes D, and Ds. Inductor L, delivers its stored energy to the output via diode Dj.

Capacitor C5 gets recharged.
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Applying volt—second balance on the inductors using Modes 1 and 2 equations yields the DC voltage gain:
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The switching characteristics of the proposed converter is shown in Figure 3.
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Figure 3. Voltage and current waveform in CCM

3. MATHEMATICAL MODELLING OF THE PROPOSED SMC - SIBQ DC-DC CONVERTER
The generalized state-space averaged model of a DC-DC converter is a model of its dynamic behavior

over one complete switching period. Because the converter operates in two different time intervals, Mode 1

(switch ON) and Mode 2 (switch OFF), each mode will have its own state-space matrices M;, Ny, O, P;, and

MZ, NZ, 02, P2.

dx(t) _
dt

Mx(t) + Nu(t) ; y(t) = Ox(t) + Pu(t)

duty cycle. As per Mode 1 and Mode 2 operations, the averaged state-space equations of the proposed quadratic
boost converter are given in (16) and (17). The state equation of the proposed SMC — SIBQ DC-DC converter

is given by (16).
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The output equation of the proposed SMC — SIBQ DC-DC converter is (17).

Vo=[0 0 0 0 oﬂlh (17)

4. DESIGN AND SELECTION OF PASSIVE COMPONENTS

The selection of the circuit components depends on the working conditions of the converter. The
required operating conditions of the converter are 12 V for the input voltage, 60 V output voltage, a switching
frequency of 20 kHz, and an output power of 60 W. Based on the output conditions of the converter, the
calculated duty ratio of the converter is 0.382, and hence the selection of circuit components for the operating
conditions discussed above is given below.

4.1. Selection of magnetic component

To ensure the overall reliability of the power converter and to minimize size and weight constraints,
ripple current is controlled through appropriate inductor design. To operate the proposed converter in
continuous conduction mode, the value of inductance is selected based on input voltage (v;y), ripple current
(Aly), switching frequency (f5), and duty ratio (D). The value of inductance is obtained by using (18) and (19).

inD
h=h=ﬁg (18)
__ 2(1+D)Vy,D
Ls = G Dan,f (19)

4.2. Selection of capacitance

Design of an appropriate capacitor for efficient energy storage and delivery, voltage regulation,
filtering, decoupling, power factor correction, timing control, and satisfaction of physical constraints is critical.
The value of capacitors C; and C, is depend on input current (I;,), switching frequency (f;), duty ratio (D), and
ripple voltage (AVc,) which is obtained by using (20).

_ ~ _ Ijp(2-D)D
G=C= (6D-2)DAVc, fs (20)

The value of capacitors C; depend on output current (I,), switching frequency (fs), duty ratio (D), and ripple
voltage (AVc,) which is obtained by using (21).

IoD
C3 = 2
DAVC3fS

@n

5. CONTROL FLOW OF PROPOSED SMC - SIBQ DC-DC CONVERTER

The proposed SIBQ DC-DC converter employs a SMC-assisted maximum power point tracking
(MPPT) mechanism to achieve high voltage gain and stable output from PV sources. The control algorithm as
shown in Figure 4, begins by sensing the PV voltage and current, from which the instantaneous power is
computed. This power information is compared with the reference maximum power point voltage (VMPP) to
determine the direction of duty-cycle adjustment. If the PV voltage is lower than VMPP, the duty cycle is
increased; otherwise, it is decreased to guide the operating point toward the MPP.

A sliding surface, defined as S=Cx-Kx, is then generated to ensure robust control under varying PV
and load conditions. The controller evaluates the sliding condition SxS <0 to determine system stability. When
the condition is satisfied, PWM pulses are generated to drive the converter switches (Si, S»). If not satisfied,
the control variable is adaptively corrected until the sliding criterion is met. The switching signals regulate the
converter’s two operation modes: Mode 1 (switches ON): The inductors L 1 and L_2 are charged through the
switched-inductor network. Mode 2 (switches OFF): Stored energy is transferred through the diodes and
capacitors, achieving quadratic voltage boosting. Through this dual-mode operation and SMC-based duty-cycle
regulation, the converter delivers a stable high-gain DC output (e.g., 60 V) with improved dynamic response
and high efficiency, even under fluctuating solar conditions.

Int J Appl Power Eng, Vol. 15, No. 2, June 2026: 712-723



Int J Appl Power Eng ISSN: 2252-8792 a 717

Input PV Voltage and Current
Measurement

!

Compute Instantaneous
Power (P =V x 1)

v

Compare PV Voltage (Vpv) with
Voltage at Maximum Power Point (Vypp

I Increase duty cycle J | Decrease duty cycle |

[ [
Y

| Generate Sliding Surface (§=Cxt Kx

Vpv < Vmpp 7 1 Vev > Vupp

satisfied

Check Sliding not satisfied

Condition (§x § <0

Y

Generate PWM Switch
Pulses (for swilches S1&55)

A

Adjust control variable

Control Converter Operation

Mode 1: Swilches ON, L;.L;L: charging
Mode 2: Switches OFF, energy frans-

¥
[ Output: Stable 60 V DC High Efficiency

Figure 4. Sliding mode control flow for the proposed SIBQ DC-DC converter

6. RESULTS AND DISCUSSION
6.1. Closed loop analysis and testing

SMC is chosen as the control measure to maximize the power harvested from the solar energy
available. This is a decision based on the fact that SMC has the inherent ability to dynamically adjust the system
operating parameters to keep the system efficiently tracking variables of fluctuation in the environmental
conditions. At the control loop, the SMC generator constantly produces the gated pulses of the power switches
(which are known as SW1 and SW2) as shown in Figure 5.

Table 1 presents the closed-loop simulation results of the proposed converter under varying irradiance
levels at a constant temperature of 25 °C. As the solar irradiance decreases from 1000 W/m? to 200 W/m?,
the PV voltage remains nearly constant around 12 V, indicating stable voltage regulation, while the PV current
decreases proportionally with irradiance, leading to a corresponding reduction in PV power from 60 W to
11.85 W. Despite these variations, the converter maintains a high efficiency across all conditions, ranging
between 91.2% and 96.2%, demonstrating its ability to effectively track the maximum power point and sustain
efficient energy conversion even under low-irradiance conditions.

Figure 6 displays the battery's voltage, current, and state of charge waveform using the suggested
method. In contrast to the steady decrease in current that characterizes a constant-current/constant-voltage
(CC/CV) charging profile, battery voltage rises linearly with the length of charge. The converter's ability to
charge and deliver a constant energy flow free from current surges and abnormalities is demonstrated by the
state of charge (SOC) curve, which is distinctly linear and smooth.
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Figure 6. SMC — SIBQ DC-DC converter connected battery voltage, current, and SOC waveform

Table 1. Closed-loop simulation results of the proposed converter

Irradiance  Temperature PV voltage PV PV Output Output .
W/m? (°C) V) current power voltage Outplz;c)urrent power Efﬁ(co/m;ncy
(A) (W) W) (W) ’
1000 25° 12 5 60 73 0.75 54.75 91.20
800 25° 12.07 3.98 48.04 68 0.68 46.24 96.2
600 25° 12.13 2.98 36.2 58 0.58 33.64 92.9
400 25° 12.09 1.99 24.1 48 0.48 23.04 95.6
200 25° 11.88 0.99 11.85 32 0.34 10.88 91.8

6.2. Experimental validation and testing

The experimental specifications as listed in Table 2 of the proposed system, and the
MATLAB/Simulink simulation results are presented in this section. In this work, both the simulation and
experimental validations were performed under identical operating conditions to ensure consistency and
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reliability of the results. The converter was tested with an input voltage of 12 V DC, a target output of 60 V
DC, and a switching frequency of 20 kHz. The same duty cycle ranges (0.1-0.8), and component values derived
from the design equations were used in both MATLAB/Simulink simulations and the laboratory prototype.
Environmental conditions such as ambient temperature (~25 °C) and load configuration (lead-acid battery as
energy storage) were kept constant during testing.

As seen in Figure 7, a 60 W laboratory model was completed to validate the theoretical concepts and
viability of the suggested converter. A lead-acid battery was used as the load in the prototype, which used two
MOSFETs controlled by SMC under a range of environmental conditions and a 12 V DC input with a 60 V
DC output voltage target. Figure 8 shows the results of the waveforms of the proposed converter SMC-SIBQ
DC-DC converter, and proves that it functions in a stable and efficient way. Figure 8(a) indicates that the output
voltage is constant at approximately 60 V DC, and this indicates high voltage regulation with the change of
input and load conditions. Figure 8(b) shows the output current waveform, which is almost constant implying
a fast transient response and low output impedance. Figures 8(c)-8(e) illustrate the voltages across the
capacitors (Vcl = 28.7 V, Vc2 = 28.7 V, Vc3 = 60 V), which verify that energy is distributed correctly, the
quadratic step-up gain is accurate, and also ripple is minimal, which is a good indication of energy transfer
across converter stages. Figures 8(f)-8(g) indicate that the switch voltages (S and S;) are kept low (under safe
limits), which confirms the low voltage stress, high reliability, and high thermal performance.

Table 2. Experimental specification

SI.No Design of parameter Value of parameter
A Solar PV (input)
1 Voc 15V
2 Isc 5.19A
3 Vmep 12V
4 Ivpp SA
5 Pmax 60 W
B Load (Output)
1 Voltage range 60 V
2 Imax 1A
3 Pmax 60 W
C SMC - SIBQ DC-DC converter
1 Vin 12 VvDC
2 Vout 60 VDC
3 lin SA
4 Tout 1A
5 dv/dt 10% of load voltage
6 dl/dt 5% of load current
7 L1 0.5 mH
8 L2 0.5 mH
9 L3 1.5 mH
10 Cl 470 pF
11 C2 470 puF
12 C3 100 puF
13 Frequency 20 kHz

Figure 7. Experimental setup of the proposed SMC- SIBQ DC-DC converter
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6.3. Comparative analysis

The proposed converter topology and the existing non-isolated converter topologies are compared in
this section. Table 3 summarizes some of the important performance characteristics that are taken into account,
including the voltage gain, component count, and voltage stress across the semiconductor device. Table 3 is a
comparison of the proposed SMC-based SIBQ converter and the existing topologies in the number of
components, voltage gain, and voltage stress. The proposed converter employs 14 components (2/6/3/3), and

this is marginally larger than [23] and [24] but smaller than [25], a good balance between efficiency and
Stg;z that delivers much higher output to the same duty cycle. At D =
0.5 the calculated voltage gain is approximately 9x, compared to converters [23] and [25] which generate about
4x and 7x, respectively. The stress of the switch voltage is kept at v;, %, which is safe to operate, and the
diode voltage stress is spread out among the components and causes little reverse recovery losses. Figure 9
provides the plot of duty ratio vs. gain of the proposed SMC — SIBQ DC-DC converter.

complexity. It attains a voltage gain of
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Figure 9. Proposed SMC — SIBQ DC-DC converter — duty ratio vs. gain
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Table 3. Comparison of the proposed SMC - SIBQ DC-DC converter vs. existing topologies
Methods  S/D/L/C=T  Voltage gain Switch voltage Diode
(2) stress (V) voltage stress(vp)
; 1 y_ Va
_ 1 fu o) ERCE)
[23] 2/2/2/2=8 a7 . 1 L _, @-D)
Sy m(l_D)z D2 — m(l_D)z
_ (@-Dy
_ (B-2D) Vs T Y0320y ,
[24] 2/3/2/3=10 m _a- 2D(1 = D)) Not mentioned
2770 (3-2D)
sy _GD-1)
2 D1 — Vp2 — m (]
V51=V0m v =(11D—3)
(3 n D) D3 (? + g) o
[25] 2/7/4/3=16 a-n _@+D) Vo = (1-D) ,
Vsl—V0(3+D) (3+D)
D5 — VD6 — (3+D) o
Vb7 = Vbo
(1-D)?
(1 + D)z VD3 = VD1 = VD2 = Vom
Yor T Vin{ —py2 (1+D)
Proposed ~ 2/6/3/3=14 (1+D)? (1 + D)2 Vp, = Vb = Vin g
(1-D)2 Ve, = Vi (1-D)
2 (1 — D)Z v _ 3(1 + D)
P (1-D)

6.4. Discussion

The effectiveness of the proposed SMC-SIBQ DC-DC converter, certain internal and external threats
may influence the validity of these outcomes. Internally, the accuracy of component parameter modeling,
measurement tolerances, and idealized switching assumptions in MATLAB/Simulink may lead to minor
deviations between simulated and real-time performance. Furthermore, environmental variations such as
temperature fluctuations, parasitic losses, and unmodeled electromagnetic interference can affect system
stability during experimental validation. Externally, the test setup was performed under controlled laboratory
conditions that may not fully replicate large-scale or dynamic field environments in electric vehicle charging
infrastructures. Additionally, hardware limitations and prototype scaling may influence converter efficiency
when integrated with high-power EV systems. Future work will therefore focus on extensive real-world testing
and long-term operational analysis to further strengthen the robustness and generalizability of the presented
results.

7. CONCLUSION

In this research, a non-isolated switched inductor quadratic DC-DC converter is proposed based on
SMC. The suggested approach is optimal for charging electric vehicles and an application related to renewable
energy, as it aims to optimize efficiency and gain considerable voltage. Sliding mode control strategy is used
to make the system more robust to the changes in parametric values to make it a stable and efficient system
under different load conditions and extract power in the most efficient way when charging is done by renewable
means. The solution is proposed and allows exploiting step-up continuous conduction mode, which minimizes
switching losses and enhances thermal balance, which are major issues in high-power applications. The
effectiveness of the proposed converter is confirmed with the help of MATLAB/Simulink simulations and
experimental results of a lab prototype.
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