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ABSTRACT

Multilevel inverters (MLIs) offer superior waveform quality, reduced har-

monic distortion, and lower voltage stress compared to conventional two- OPEN ACCESS
level converters. In such systems, the individual voltage levels are typically

generated through DC-DC converters, where each level is produced for Received: 06/12/2025

a specific duration by selectively connecting one or more DC sources. To
generate lower voltage levels, some DC sources are temporarily discon-
nected, resulting in light-load or no-load conditions making the output DOI

of the DC-DC converters unstable. Most existing control strategies for 10.23967/j.rimni.2026.10.77288
DC-DC converters are designed to regulate the output voltage assuming
a continuously connected load, which leads to instability when the con-
verter operates at light or no-load conditions. To address this challenge,
this paper employs a Constant Voltage Constant Current (CVCC) control
method to ensure stable voltage generation for MLI voltage levels. The pro-
posed method is benchmarked against Proportional-Integral (PI), Fuzzy
Logic (FL), and Sliding Mode Control (SMC) techniques. Simulation
results demonstrate that the proposed method achieves superior voltage
stability, accuracy, and transient performance. The proposed method is
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used to generate three-level and seven-level voltage waveforms in the
PLECS environment, and its real-time implementation further validates
its effectiveness and practical applicability. The results confirm excellent
voltage regulation, with capacitor voltage fluctuations remaining below 1
V (corresponding to only 0.33% of the nominal 300 V DC-link voltage,
compared to the commonly accepted 5% tolerance).

1 Introduction

DC-DC converters are fundamental components in power electronics, used extensively to regulate
voltage levels in various applications [1-3]. Achieving precise and stable output voltage is crucial
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for many applications, necessitating effective closed-loop control strategies. The diverse closed-loop
voltage control methods employed in DC-DC converters can be classified into two main categories,
namely linear and non-linear techniques [4,5].

Linear control techniques are the earliest methods applied to control the output voltage of DC-DC
converters. Among the most common strategies employed are Proportional-Integral (PI) control [6],
Proportional-Integral-Derivative (PID) control [7], voltage mode control, and current mode control;
each has been used to maintain precise and reliable output voltage in various applications [8—11].
While PI controllers are easy to implement and improve the performance by removing the steady-
state error. However, they can struggle with transient response, as they lack the predictive capability
provided by the derivative term found in PID controllers. To overcome this limitation derivative
term is added, which predicts the future errors to enhance stability. The tuning of PID parameters,
proportional gain, integral gain, and derivative gain, is crucial for optimizing performance, with
various methods available for this purpose. Voltage mode control regulates output voltage by adjusting
the duty cycle based on feedback from the output voltage [12], offering simplicity and cost-effectiveness
but potentially struggling under rapidly changing load conditions due to its reliance on average
output voltage rather than instantaneous current feedback. To address these limitations, some designs
incorporate additional filtering or hybrid approaches that combine voltage mode with current mode
control. Current mode control enhances converter performance by incorporating feedback from
both output voltage and inductor current, allowing for improved transient response and inherent
overcurrent protection [13—15]. This method can be implemented in peak or average forms; peak
current mode control limits maximum inductor current during switching cycles to prevent overcurrent
conditions [16—18], while average current mode control smoothens fluctuations by averaging current
over multiple cycles [19,20]. Each of these linear control techniques offers distinct advantages
suited to specific operational requirements, while robustness remains the most significant issue, as
these techniques have limitations in dealing with nonlinearities and uncertainties inherent in DC-
DC converters. Their performance can degrade significantly under large disturbances or parameter
variations. Moreover, the design and tuning of these controllers often require extensive simulations and
experimental adjustments [21,22]. However, many studies have focused on optimal tuning of PI and
PID controllers for DC converters using various techniques, including Ziegler-Nichols tuning [23,24],
and genetic algorithms [25,26], but these enhancements often increase the complexity of the control
design process. To overcome the limitations of linear controllers, various nonlinear control techniques
have been explored for DC-DC converters. These methods offer better robustness to disturbances and
uncertainties, achieving improved transient response and steady-state error.

Nonlinear control techniques play a crucial role in enhancing the performance and addressing the
disturbances, uncertainties, and nonlinearities inherent in DC-DC converters, Sliding Mode Control
(SMC) is a robust strategy that forces system states to adhere to a predefined sliding surface, ensuring
stability despite variations in system parameters or external disturbances [27-29]; it excels in managing
nonlinearities and can significantly improve voltage regulation by adjusting the duty cycle based on
output voltage feedback. However, the chattering phenomenon [30,31], a high-frequency oscillation
in the control signal, can be problematic and needs mitigation techniques such as the super twisting
algorithm. Additionally, the design of the sliding surface can be challenging and may require precise
tuning to ensure stability, especially for high-order systems. Hysteresis Control offers a simpler
approach by employing a defined hysteresis band around the desired output voltage [32,33]; it rapidly
switches the converter on and off to maintain output within this band, resulting in quick responses
to load changes, although it may incur switching losses if not carefully tuned. Fuzzy Logic Control is
another approach utilizes fuzzy set theory to handle uncertainties and nonlinearities without requiring
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precise mathematical models [34,35]; it adapts to varying conditions through rule-based reasoning,
making it particularly effective in applications where traditional control methods may struggle. Their
performance heavily relies on the quality of the fuzzy rules and membership functions defined by
the designer. Designing these rules can be complex, and improper tuning may lead to suboptimal
performance or instability in dynamic conditions. Adaptive Control continuously adjusts its parame-
ters based on real-time feedback from the system, allowing it to maintain robust performance under
dynamic operating conditions, which is essential for converters facing unpredictable loads or input
variations. However, they require sophisticated implementations and may be sensitive to modelling
inaccuracies. If not properly managed, this sensitivity can lead to instability or degraded performance.
Neural Network Control [36,37] leverages artificial intelligence to model complex relationships
within power systems; neural networks can learn from past data and adapt their control strategies
accordingly, improving response times and overall efficiency. Training neural networks and overfitting
are remarkable limitations that make this approach undesirable in some applications. Model Predictive
Control (MPC) is an advanced technique that predicts future system behaviour based on current states
and inputs, optimizing control actions over a defined horizon while considering constraints [38,39];
this foresight allows MPC to effectively manage the nonlinear dynamics of buck converters, but its
computational demands can be high, requiring high-performance processors. Backstepping Control
[40] is another prominent approach that systematically designs a control law by breaking down the
system into manageable subsystems, ensuring stability through recursive design; it is particularly useful
for systems with complex dynamics. However, the complexity of backstepping control increases with
the number of subsystems and interactions within highly nonlinear systems. This complexity can make
implementation challenging and may require detailed knowledge of system dynamics. Passivity-Based
Control (PBC) [41] focuses on energy-based methods to ensure system stability by designing controllers
that maintain the passivity properties of the system, which can be advantageous in regulating energy
flows within converters. PBC requires precise modelling of system dynamics; if there are significant
uncertainties or disturbances, its effectiveness may diminish. Additionally, implementing PBC can be
more complex compared to traditional control methods due to its reliance on energy considerations.
Each of these nonlinear control techniques offers unique strengths that cater to specific challenges in
the operation of DC-DC converters, contributing to improved performance, efficiency, and reliability
across various applications.

All the above-mentioned linear and nonlinear control techniques have been extensively validated
under nominal or moderate load conditions, where sufficient current ensures stable energy transfer and
effective loop regulation. However, when subjected to light-load or no-load conditions, many of these
methods exhibit degraded voltage regulation performance. Under extremely low current demand, the
converter frequently operates in discontinuous conduction mode (DCM) [42,43], where the inductor
current falls to zero and energy transfer becomes intermittent. In this regime, conventional control
loops may lose effective regulation authority, resulting in voltage drift, overshoot, oscillations, or
even instability. Consequently, maintaining stable voltage under very low load conditions remains a
significant challenge for traditional control strategies.

1.1 Research Gap

Despite the considerable advancements in both linear and nonlinear control approaches, a
fundamental limitation persists under light-load and no-load operation. Most conventional con-
trollers are not explicitly designed to manage DCM behaviour or intermittent energy transfer, which
becomes particularly problematic in applications requiring strict voltage stability. To address these
challenges, alternative approaches such as pulse skipping modulation (PSM) have been proposed
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[44]. PSM improves efficiency and stability by selectively skipping switching pulses when the load
demand is minimal, thereby preventing excessive switching activity and maintaining output voltage
within acceptable limits. This technique ensures that the converter avoids instability at no-load and
light-load conditions, reduces unnecessary switching losses, and extends the overall lifetime of the
power converter. However, it has several notable limitations that constrain its application in high-
performance converters. Its variable switching frequency complicates filter design and makes meeting
EMI requirements more difficult. The burst-mode operation also increases output voltage ripple,
which is unsuitable for systems requiring tight regulation. In addition, PSM often relies on multiple
digital components for detection and control, increasing implementation complexity. It also exhibits
poor transient response because the converter may remain inactive during skipped cycles, delaying
its reaction to sudden load changes. Finally, due to these drawbacks and the difficulty in achieving
EMC/EMI compliance, PSM is generally restricted to low-power and non-critical applications.

1.2 Objective and Contribution

In the case of multilevel inverters (MLIs), the DC-DC converters responsible for generating
the individual voltage levels are not continuously connected but are instead disconnected for cer-
tain intervals during operation. This intermittent connection can lead to voltage deviations from
their predefined reference values, thereby affecting the stability and quality of the inverter output.
Consequently, a stable and efficient control method is required to ensure that the voltage levels
are properly maintained despite these disconnections. To address this issue, the present manuscript
employs the constant voltage constant current control approach and demonstrates its applicability
within the framework of MLIs, ensuring stable voltage regulation and improved overall system
performance. The proposed CVCC control strategy should not be confused with the conventional
Constant-Current Constant-Voltage (CCCV) algorithm used in battery charging systems. In CCCV
charging, the controller operates sequentially: the system first regulates current (CC mode) until a
voltage threshold is reached, and then switches to voltage regulation (CV mode) [45,460]. However,
the proposed CVCC method regulates both current and voltage simultaneously through a dual-
loop structure. It is specifically designed for DC-link capacitor dynamic voltage regulation in DC-
DC converters supplying multilevel inverters, ensuring controlled energy flow and voltage stability
under light-load, no-load, and intermittent operating conditions. Thus, unlike battery-oriented CCCV
schemes, the proposed approach is not based on mode switching but on concurrent regulation to
maintain stable converter performance.

The remainder of this manuscript is organized as follows: Section 2 presents the motivation of
this work. Section 3 introduces the converter model, while Section 4 describes the proposed method
in detail. Section 5 provides the simulation setup and results, followed by Section 6, which discusses
the obtained results and highlights key findings. Finally, Section 7 concludes the manuscript with a
summary of contributions and potential directions for future work.

1.3 Motivation

Fig. 1 illustrates a DC-DC converter operating with an intermittent load. The output voltage
across the load is intended to remain constant while the load is connected. However, once the load is
disconnected, the voltage across the capacitor becomes unstable, resulting in undesirable fluctuations.
Furthermore, most of the methods reported in the literature assume continuous load presence, which
limits their effectiveness under intermittent load conditions.
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Figure 1: A DC-DC converter with an intermittent load

Fig. 2 represents the status of the switch (S) alongside the desired capacitor voltage. The primary
objective is to develop a control circuit capable of maintaining a constant, ripple-free voltage across
the capacitor under varying operating conditions, including both full-load and no-load conditions.

€—ON—>

Switch status

=>| OFF €<

Desired capacitor voltage

Capacitor voltage

10m 20m 30m 40m

=

Time (s)
Figure 2: Switch status with the desired capacitor voltage

DC-DC converters are widely used in various power electronic applications. One of their key roles
is to regulate and maintain a constant voltage across the capacitors in Multilevel Inverters (MLIs) as
shown in Fig. 3. However, a major challenge arises when the inverter switches are turned off. In such
conditions, the DC-DC converter becomes disconnected, leaving the capacitor voltage unregulated. As
a result, the capacitor experiences instability and undesirable voltage fluctuations, which can degrade
the inverter’s performance and overall system reliability.

2 Converter Model

A DC-DC boost converter steps up the input dc voltage (V) to a higher voltage level (V,), i.e.,
(V, > V,). A schematic diagram of a boost converter is depicted in Fig. 4. It consists of a source
voltage (V's), a controlled switch (Sw), a diode (D), a filter inductor (L), a filter capacitor (C), and an
intermittent load. It is worth noting that the MOSFET (S},) is running at a high switching frequency
(f,) while the auxiliary switch (S,) connected in series with the load is working at a slow frequency (f)
shown in Fig. 5. Where f, >> f.
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Figure 3: A multilevel inverter with DC-DC converters
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Figure 4: A DC-DC boost converter
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Figure 5: Switching pattern of the

2.1 Converter Operating Modes
A converter with an intermittent load has

main switch (S}) and the load switch (S,)

five operating modes: two when the load is connected

and three with a disconnected load. A detailed explanation of the four cases is provided in this section.
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2.1.1 Case I: When the Load Is Connected

This is the normal case where the load is connected, the converter components are selected to
meet the load requirements, such as capacitor voltage ripples, inductor current ripples, semiconductor
devices ratings, etc. The analysis in this case is trivial, as given in the literature.

Mode I: Switch Closed

When the switch is closed, the diode is reverse-biased. Kirchhoff’s voltage law around the path
containing the source, inductor, and closed switch is

di
V,=Vs=L 6;” 6]

The rate of change of current is a constant, so the current increases linearly while the switch is
closed, as shown in Fig. 6. The change in inductor current is computed from

AiL(l) _ AiL(l) _ VS

= = 2
At DT L @
Solving for Ai, for the switch closed,
. VDT
Aipgy = = (3)
i, —
VYV
+ v, -

Figure 6: Equivalent circuit for the switch closed

Mode II: Switch Open

When the switch is opened, the inductor current cannot change instantaneously, so the diode
becomes forward-biased to provide a path for the inductor current, as shown in Fig. 7. Assuming that
the output voltage V. is a constant, the voltage across the inductor is
AiL(z) VS - VC

o @
t L

oy +
<‘—> Vs C_:- e

Figure 7: Equivalent circuit for the switch opened
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The rate of change of inductor current is a constant, so the current must change linearly while the
switch is open. The change in inductor current while the switch is open is

Aiy Ay Vs—Ve

At (1-D)T L
Solving for Ai,,

Vi— Vo)1 —D)T

(Vs c)L( ) ©)

Under steady-state operation, the average inductor voltage must be zero for periodic operation.
Expressing the average inductor voltage over one switching period,

VsD + (Vs — Vc)(l_D)=0 (7)
Vs
= 8
. (®)
The inductor voltage and current waveforms are shown in Fig. 8.

)

AiL(z) -

VC

Vs
\'I.
Mode I Mode 11

VS = v(]

]L {min}

Figure 8: Inductor voltage and current waveforms during modes I and II

2.1.2 Case II: When the Load Is Disconnected

In this situation, at the moment the load is disconnected, the converter has three modes as
explained below.

Mode I: Active Switch (S})

In this mode, immediately after the load is disconnected, the inductor current continues to
charge the capacitor, whose voltage is slightly below the reference level. During this interval, the
switch remains active and keeps toggling between the ON and OFF states; therefore, the average
inductor current remains unaffected. By the end of this mode, once the capacitor voltage surpasses
the threshold, the main switch is deactivated. The equivalent circuits corresponding to this mode are
illustrated in Fig. 9a,b.
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(b)

Figure 9: (a) Equivalent circuit for mode I for closed switch. (b) Equivalent circuit for mode I for open
switch

In Fig. 9a, when the switch is closed, the expression of the inductor current is identical to that
obtained when the load is connected. However, since the load is disconnected, the capacitor does not
discharge. The inductor current and capacitor voltage variations can be expressed as:

Switch ON (duration d7,, diode OFF):
di;

LZE— vy, 9

dt ‘ ©
dve

C— =—-i,~0 10
dt fo (10)

In Fig. 9b, when the switch is open, the inductor current continues to charge the capacitor.
Accordingly, both voltage across the capacitor and inductoe current can be written as:

Switch OFF (duration (1 — d)T,, diode ON):

L% =V, — Ve (11)

% =i =i~ (12)
Averaging over one switching period gives:

% = %(vs — (1= dyve) (13)

% = %((1 — d)i) (14)

Since the inductor current remains unaffected

i, (1) ~ I, =~ constant (15)
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Then the dynamics reduce to a single first-order charging law:

dve (1 —d)I,
da - C

If d ~ D during this short interval:

(1 —-D)l,

ve(t) = Vo + Tf

ve(2) rises linearly until it reaches V.
, — CVa— V)

(1-D)I.

where ¢, is the charging time.
Mode II: Charging the Capacitor with the Inactive Switch

of DC-DC converters in multilevel inverters,

(16)

(17

(18)

In this mode, the switch is deactivated, thereby interrupting its role in sustaining the inductor
current. As a result, the inductor current gradually decreases but continues to charge the capacitor
through the diode. The equivalent circuit for this mode is shown in Fig. 10.

Y l -

®

[

Figure 10: Equivalent circuit for mode 11

In this situation, the inductor current can only flow into the capacitor; therefore, the capacitor
current is equal to the inductor current. Since the capacitor voltage has already reached the threshold,
the inductor current continues to increase the capacitor voltage. The system model in this mode can

be expressed as follows:
Let the moment the controller shuts off the gate be r = 0:
The initial conditions are: vo(0) = Vy,, i, (0) = I,.
With switch OFF and diode ON:

di;

L— =y, — 19
ar e (19)
dve

C— =i 20
ar " (20)

From Eq. (19), the discharging time 7, can be calculated as:
di

LEL =—Vu— V) 1)

Integrating both sides, the inductor current is:
Vi =V
=1, Lo, (22)
L
https://www.scipedia.com/public/Ali_et_al_2026 10
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At [disa iL([dis) = 0:

V= V)
0=1— hTtm (23)
LI,
tti\‘ i —— 24
T VeV -
From Eq. (20), the maximum value of the capacitor voltage can be expressed as:
dVC 1 (I/th - VS)
=, - 25
dt — C ( t L (23)
Integrate with vo(0) = Vi
I, (Va—V),

() =Vy+ =t — ———=F 26
ve(?) n C 2LC (26)
the capacitor voltage reaches its maximum V,,, at z:

Vmax = VC(Zdis) (27)
LI
Substitute 7, = ———:
I/th - Vs
LI?
Vmax = I/t — L 28
TS (28)

Mode III: Relaxed System

Finally, once the inductor is completely discharged, the diode becomes reverse-biased, and the
capacitor is fully charged to a voltage slightly above the reference value. The equivalent circuit for this
mode is presented in Fig. 11.

—0
Lo

Figure 11: Equivalent circuit for mode 111

Fig. 12 illustrates the converter behaviour following load disconnection in three sequential modes
governed by energy transfer. In Mode I, immediately after the load is removed, the MOSFET switch
continues to receive PWM pulses, so the inductor current remains approximately at its regulated value
due to current continuity. Since the load current becomes zero, the capacitor cannot discharge, and the
average capacitor current becomes positive, equal to the inductor current during the diode conduction
interval. Consequently, the capacitor voltage increases gradually (approximately linearly) until it
reaches the predefined threshold. At this instant, the controller disables the gate signal, initiating Mode
I1. In Mode I, although the switch is turned off, the inductor still stores magnetic energy and continues
to discharge through the diode into the capacitor. The inductor current decays approximately linearly
because it now experiences a nearly constant negative voltage, while the capacitor voltage increases
in a quadratic manner due to the decreasing charging current. This mode ends when the inductor
current reaches zero. In Mode III, the inductor is fully discharged, the diode ceases conduction, and
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no further current flows; therefore, the capacitor remains charged at its maximum value, slightly above
the threshold, determined by the residual energy initially stored in the inductor.

Load is
disconnected

No load

Ic

Mode 11 Mode I11

1
|
|
|
|
|
|
1 Mode I
1
|
|
1
|
1
|

)

h_-__-_-_-)l_-
N
—N
N
=

b e e

e ] P B N [ =

/ Vi AV

i

_/_/

Figure 12: Inductor current waveform (red), capacitor current waveform (green), MOSFET current
waveform (blue) and capacitor voltage waveform (orange)

3 Methodology

The proposed control circuit is illustrated in Fig. 13 and operates as follows. In the voltage control
loop, a reference voltage is assigned and compared with the measured output voltage. The resulting
error signal is scaled by a proportional gain and then limited using a saturation block. The output of
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the limiter is subsequently compared with a sawtooth waveform, and the result is applied to one input
of an AND gate. Meanwhile, current control is achieved by comparing the sensed input (or inductor)
current with a predefined reference to restrict its value. The output of this comparator is fed to the
other input of the AND gate. Finally, the AND gate output generates the PWM signal required to
drive the converter switch.

— F -y
MA

Figure 13: Proposed control circuit implemented to a DC-DC boost converter

The converter parameters are selected based on the equations given below:

_ D(1—D)R
L==r— (29)
1,D
NG G0

For a duty cycle of D = 0.3, the inductance is selected based on the average requirement across the
full-load to no-load operating range to ensure stable performance. The capacitance is chosen to keep
the DC-link voltage deviation within the minimum acceptable limits. In addition, various capacitor
values are tested to evaluate their stiffness and assess their impact on voltage stability and dynamic
performance.

4 Simulation

This section presents the simulation results used to evaluate the performance and effectiveness of
the proposed control technique, implemented in PLECS software. The control method is applied to a
boost converter operating under an intermittent load, where the load switch is periodically turned on
and off with different duty cycles for various capacitor values (500, 1000, and 2200 wF). The converter
parameters are summarised in Table 1.

Table 1: Boost converter parameters

# Parameter Value
1 Input voltage (Vs) 72V
2 Reference voltage (V) 100 V
3 Inductor (L) 50 uH

(Continued)
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Table 1 (continued)

# Parameter Value
4 Capacitor (C) 500, 1000, 2200 wF
5 Full load current (I,) 10 A
6 Reference current (1) 14 A
7 Gain constant (k) 10
8 Switching frequency 10 kHz
()
9 Load switching 50 Hz
frequency (f)

5 Results Analysis

Fig. 14 indicates the capacitor voltage fluctuations when C = 500 wF under the conditions. When
the load is disconnected, the voltage jumps to 100.465 V, which is above the reference (100 V) by
0.465 V approximately. However, when a load of 10 A is connected to the converter, the voltage
drops to a value that is confined between 99.7 and 100 V (fluctuates between these values). While
Fig. 15 indicates the performance of the converter under intermittent load with case 5 A (half-load
current). In this case, when the load is disconnected, the voltage jumps to 100.365 V, which is above
the reference (100 V) by 0.365 V approximately. However, when a load of 5 A is connected to the
converter, the voltage drops to a value that is confined between 99.8 and 100.2 V (fluctuates between
these values). It is worth noting that the reference inductor current is maintained at a constant value
of 14 A, selected to correspond to a full-load current of 10 A (assuming P; = P,). As illustrated in
the figures, when the load current decreases, the output-voltage fluctuations increase, and the average
voltage shifts upward. This widening of the voltage fluctuation band occurs because the converter
enters discontinuous conduction mode at light-load conditions. To mitigate this issue, the reference
inductor current can be updated according to the power balance relationship to maintain a consistent
transformation ratio. The reference input current can be calculated from the power balance equation as

VI,
v (1)
However, it should be noted that as long as the voltage fluctuation band remains within the
predefined acceptable limit, the system performance is not significantly affected, and no adaptive
correction is required. Furthermore, the voltage jump between loaded and no-load conditions can
be reduced by employing larger output capacitors. Table 2 presents the voltage jumps for various
capacitor values. It is evident that a capacitor of 500 wF results in only a slight change, approximately
0.3 V, between half-load and full-load conditions, while values of 1000 wF or higher yield nearly
identical voltage jumps across the same load range. This indicates that achieving a constant and robust
voltage level in an MLI, independent of load variations, requires careful selection or optimization of
the capacitor value.

Iref =
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Figure 14: (a) Capacitor voltage (red) and inductor current (green) waveforms for intermittent load,
(b) voltage at no-load condition, (c¢) voltage ripples at full-load condition
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Figure 15: (a) Capacitor voltage (red) and inductor current (green) waveforms for intermittent load,
(b) voltage at no-load condition, (c¢) voltage ripples at half-load condition

Table 2: Voltage jumps for various capacitor values

Capacitor value

Voltage transition from full and half loads to no-load

(WF) condition (V)

At5A At10 A
500 0.55 0.8
1000 0.4 0.4
2200 0.2 0.2
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5.1 Comparative Analysis

Fig. 16 illustrates the performance comparison of the proposed CVCC controller with the
proportional-integral (PI), fuzzy logic (FL), and sliding mode control (SMC) controllers. Att =0.2's,
the load is disconnected. As observed, the outputs of the PI and FL controllers (red and blue) exhibit
instability and gradually diverge. The SMC responds with a voltage jump to 31 V, corresponding to a
3.33% deviation, and subsequently maintains this value. Although the SMC demonstrates improved
stability relative to the PI and FL controllers, its design complexity is significantly higher. In contrast,
the proposed CVCC controller exhibits superior robustness and stability, with the output voltage
increasing only to 30.15 V, corresponding to a 0.5% deviation. Table 3 presents a comparative analysis
of the PI, FL, SMC, and CVCC controllers.

37.0

36.5
36.0+
35.5

35.0+
34.5+
34.0+
33.54
33.0

32.54
32.0+
31.54
31.0+

o N Aaaans [
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MC

o0.18 0.19

0.20 0.21

0.22

0.23

0.24

Figure 16: Comparison between the existing control methods and the proposed CVCC

Table 3: Comparison between the PI, FL, SMC, and CVCC controllers under intermittent load

Feature PI FL SMC CvCC
Control Linear control Rule-based Nonlinear Dual-loop
principle using nonlinear control with control
proportional + control switching maintains both
integral action mimicking surface voltage and
human current limits
reasoning
Complexity Low Medium High Medium
Design effort Easy tuning Requires Requires Requires
(Kp, Ki) membership designing a designing two
functions & sliding surface loops and
rule design & reaching law reference
transitions
(Continued)
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Table 3 (continued)

Feature PI FL SMC CvCC
Robustness to Low; may Good Excellent; High
load overshoot or inherently

disturbances oscillate robust

Robustness to Low Moderate Very high High
parameter

variations

Stability under Low Low High Very high
intermittent

loads

Settling time - - 1.2 ms Sus
Steady-state - - 3.33% 0.5%
error

Note: — undefined parameters because the system is unstable.

The Sliding Mode Controller (SMC) exhibits a settling time of 1.2 ms, which reflects its fast
dynamic response resulting from the high-gain switching action and the strong corrective behaviour
enforced by the sliding surface. Although SMC is well known for its robustness against disturbances
and parameter variations, its steady-state error of 3.33% indicates a residual tracking inaccuracy.
This error is mainly attributed to practical limitations such as boundary layers introduced to mitigate
chattering, which slightly relax the ideal sliding condition and hence reduce steady-state precision.

In contrast, the CVCC strategy demonstrates a remarkably faster settling time of only 5 s,
indicating an almost instantaneous transient response. This superior performance is achieved through
its dual-loop structure, which tightly regulates voltage while actively constraining current, allowing
rapid corrective action without excessive overshoot. Furthermore, CVCC achieves a very low steady-
state error of 0.5%, highlighting its excellent regulation accuracy. The coordinated voltage—current
control ensures smooth reference transitions and effective error suppression even under challenging
operating conditions such as intermittent or light loads.

5.2 Implementation to a Multilevel Inverter

To further validate the effectiveness of the proposed method, it was applied to both a single-phase
seven-level and a three-level inverter. The simulation results confirm stable and accurate performance
under various operating conditions. The multilevel inverter was specifically tested under a light-
load condition of 2 A. Fig. 17 shows the seven-level output voltage waveform, where each level is
generated by an independent DC-DC boost converter. The results clearly indicate that all voltage levels
remain stable, demonstrating the reliability of the proposed method under light-load conditions and
confirming its suitability for MLI applications. The voltage ripple at the highest level (300 V) is less
than 1V, corresponding to approximately 0.33%. For real-time validation, the proposed technique was
also used to generate a three-level voltage waveform. For comparison, Fig. 18 presents the simulated
three-level output, where the maximum voltage is 100 V and the associated ripple is approximately
0.3V.
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Figure 18: (a) 3-levels voltage waveform (b) voltage ripples

5.3 Real-Time Validation

In this section, the real-time performance of the proposed control method is evaluated using the
PLECS RT Box platform. The objective of this implementation is to validate the effectiveness and
practicality of the proposed method under real-time operating conditions. A hardware-in-the-loop
(HIL) simulation setup is developed, in which the power circuit model is executed in real time on the
PLECS RT Box, while the control algorithm is implemented on an external digital controller. The RT
Box and controllers are interconnected through analogue and digital interfaces to enable closed-loop
operation. The overall experimental setup used for the HIL simulation is illustrated in Fig. 19.

5.4 DC-DC Boost Converter under Intermittent Load

Fig. 20 shows the capacitor voltage ripples and inductor current of the DC-DC boost converter
operating under CVCC control, with the output capacitor set to 500 wF. As illustrated, the output
voltage deviation from full load to no load is approximately 0.5 V, corresponding to 0.5% of the
nominal output voltage, and occurs at the instant the load is disconnected.
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Figure 19: HIL setup
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Figure 20: Capacitor voltage ripples and inductor current under intermittent load conditions. Time
scale: 4.2 ms/div, Voltage scale: 0.5 V/div, Current scale: 10 A/div

5.5 Implementation of CVCC to Seven-Level and Three-Level Inverters

Figs. 21 and 22 illustrate the output voltage waveforms of the seven-level and three-level inverters
operating under the proposed CVCC control strategy. In both cases, at a specific instant, a designated
switch is intentionally turned off, thereby disconnecting the load and leaving the corresponding source
unloaded. Despite this abrupt change in operating conditions, the output voltage levels remain stable
and well-regulated. This result confirms that the CVCC method effectively maintains capacitor voltage
balance and mitigates transient disturbances, ensuring reliable and robust inverter performance even
during sudden load disconnection events.
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Figure 21: Voltage waveform of a three-level inverter Time scale: 5 ms/div, Voltage scale: 100 V/div
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Figure 22: Voltage waveform of a three-level inverter Time scale: 7 ms/div, Voltage scale: 50 V/div

6 Discussion

From the simulation results, it is evident that the converters maintain stable operation even under
no-load conditions, i.e., when the inverter switches are disconnected. The accuracy of the voltage levels
is further demonstrated by the fact that voltage fluctuations remain below 1 V in the worst case, with
a capacitor value of 500 uF and a load current of 10 A. It is also observed that as the load current
increases, the average capacitor voltage slightly decreases below the reference value, while increasing
the capacitance reduces these fluctuations, thereby enhancing voltage stability. Moreover, with respect
to the nominal DC-link voltage of 300 V, the observed deviation of less than 1 V corresponds to
only 0.33%, which is significantly lower than the commonly accepted tolerance of +5% (£15 V)
for multilevel inverter systems. This minimal deviation confirms excellent voltage regulation, ensures
balanced capacitor voltages, reduces the risk of output distortion, and validates the effectiveness of
the proposed method in maintaining reliable inverter operation.
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7 Conclusion

This work has presented a direct voltage and current feedback control method for DC-DC
converters supplying multilevel inverters. Unlike conventional linear and nonlinear control techniques
that often suffer from instability and poor performance under light-load or no-load conditions,
the proposed method ensures robust operation by directly regulating both the inductor current and
capacitor voltage. Simulation studies conducted in PLECS demonstrated that the converters maintain
stable performance even during intermittent load conditions and complete load disconnection. The
results further show that the voltage fluctuations at full load, with a 500-wF capacitor, remain minimal,
with deviations of less than 1V, corresponding to only 0.33% of the nominal 300-V DC-link voltage,
which is significantly lower than the commonly accepted +5% tolerance. The proposed method was
also validated on single-phase seven-level and three-level inverters, where it achieved accurate voltage
regulation, balanced capacitor voltages, and reliable operation under varying load scenarios. For
further validation, the system was implemented in a real-time environment and applied to both seven-
level and three-level inverters. These findings confirm the effectiveness, stability, and accuracy of the
control strategy, highlighting its potential for enhancing the performance and reliability of advanced
multilevel power conversion systems.
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