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https://doi.org/10.18280/jesa.581102 ABSTRACT

This research investigates the enhancement of DC motor dynamics using a novel control
system that combines an adaptive Sliding Mode Control (SMC) with an advanced Voltage
Multiplier Stage (VMS) boost converter. The VMS boost converter is structurally
designed to provide high-gain that efficient voltage amplification suitable for precise
motor driving. The primary aim is to overcome the limitations of conventional SMC such
as chattering and high-frequency harmonics by providing a more stable and efficient
control strategy. The performance of the proposed system was evaluated against a
conventional SMC paired with a standard boost VMS converter across three scenarios:
variable speed with constant torque, constant speed with variable torque and a combination
of both. Using MATLAB/Simulink the systems were compared based on key performance
metrics including rise time, settling time, speed tracking efficiency and torque and current
ripple. The simulation results demonstrate that a clear outperformance by the proposed
system. In the third a most challenging scenario the proposed system maintained a settling
time of approximately 0.25 seconds and a speed tracking efficiency of 99.88% with a
torque ripple of only 1.33%. Furthermore, the proposed system dramatically reduced the
Total Harmonic Distortion (THD) of both voltage and current to 1.18% and 1.59%
respectively a significant improvement over the conventional SMC 8.33% and 9.21%. The
synergistic combination of adaptive SMC and an advanced VMS boost converter offer a
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highly robust, efficient and low-ripple solution for high-performance DC motor control.

1. INTRODUCTION

A DC motor is an electromechanical device that converts
direct current (DC) electrical energy into mechanical energy,
utilizing the force produced by a magnetic field acting on a
current-carrying conductor. It is categorized into several types
based on how their field windings are connected to the
armature windings. The main types include series wound
where the field winding is in series with the armature; shunt-
wound where the field winding is in parallel; compound-
wound which combines both series and shunt windings; and
permanent magnet DC motors which is use permanent
magnets instead of field windings [1-5].

Due to their excellent torque-speed characteristics and ease
of control the DC motors have a wide range of the applications.
It is commonly used in industrial automation, robotics, electric
vehicles and home appliances such as fans and power tools.
The control of DC motors is crucial to ensure the precise speed
and position regulation. Traditional control methods rely on
simple proportional-integral-derivative (PID) controllers
while easy to implement it can be sensitive to system
parameter variations and external disturbances [6-11]. To
enhance performance more advanced control strategies have
emerged that including closed-loop control [2] and adaptive
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PID [12] that which can adjust controller parameters in
response to changes in the operating conditions.

A significant advancement in a motor control involves
integrating these control methods with DC/DC converters
which is serve as the power electronic interface between the
power source and the motor. These converters such as buck,
boost and buck-boost converters that regulate the voltage and
current supplied to the motor which that enabling more precise
and efficient control [13-19].

The research gap that this study addresses to reach an
accurate speed and torque tracking, low torque ripple and low
THD by using advanced control methods and advance DC/DC
converter [20-23]. While many studies have focused on the
improving either the control algorithm or the power converter
in isolation, the result may be the results torque ripple is not
small and the speed tracking has fluctuations when using a
conventional DC/DC converter and modern control methods.
This research demonstrates the significant performance gains
that achieved by a synergistic combination of both.
Specifically, the most conventional SMC research
acknowledges the problem of the chattering and high
harmonic content but often accepts these as inherent trade-offs
for robustness. Our research closes this gap by proving that
with an advanced adaptive reaching law and a sophisticated
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Voltage Mode Switching (VMS) converter, these drawbacks
can be almost entirely eliminated. The quantitative results of
exceptionally low THD and minimal torque ripple are not
commonly reported in other studies and represent a clear
research gap that this work fills. Furthermore, while other
studies have compared SMC to PID or other linear controllers
this research provides a direct and in-depth comparison of a
highly optimized adaptive SMC system against a conventional
SMC, highlighting the specific improvements gained from
each component of the proposed system.

The research presented here proposes an even more
advanced control system by combining an adaptive Sliding
Mode Control (ASMC) with an advanced boost VMS
converter. The adaptive SMC is chosen for its robustness
against uncertainties and disturbances while is the advanced
VMS converter is used to supply a clean, ripple-free power
source. The synergy between these two components addresses
the inherent limitations of the conventional SMC such as
chattering and high harmonic content. The primary challenge
and a notable limitation of this research however is the
implementation of such a complex system in real-time. The
high-speed processing required for both the adaptive control
algorithm and the converter switching action necessitates
sophisticated the hardware and precise synchronization to
achieve the demonstrated levels of performance. The organize
the rest of the paper is:

Section 2 shows the methodology and mathematical model,
that including the DC motor, Cuk converter, SMC and PI
controller, Section 3 shows the simulation numerical results
with all scenarios and a discussion. Section 4 presents the
research conclusions, future works and references.

2. METHODOLOGY
2.1 DC motor

The DC motor is not merely a component but the core of the
electromechanical plant whose dynamic behavior is the central
subject of a controller. It acts as the final element that converts
regulated electrical energy into precisely controlled
mechanical output such speed or torque. Within the system the
DC motor characteristics that including it armature resistance
that inductance and back electromotive force (EMF) are
crucial parameters that a controller must manage. These
parameters can be change with the temperature and operating
conditions that introducing uncertainties that challenge the
control system stability and performance.

The motor interaction with the control system is continuous
feedback. The controller which in the case is the adaptive SMC
coupled with the VMS converter that senses the motor actual
speed and current. It compares the values to desired reference
signals. Based on the difference (the error) the controller
generates a control signal. The signal dictates the switching
behavior of the boost VMS converter which is in turn regulates
the voltage and current supplied to the motor armature. The
converter ability to provide a clean low ripple power supply is
fundamental to the motor smooth operation. Any high
frequency noise or harmonics from the converter can be induce
unwanted torque and speed ripples in the motor that leading to
vibrations, inefficiency and accelerated wear [24]. Essentially
the DC motor role is faithfully executed the commands from
the control system. Its dynamic performance how quickly and
accurately it can be changed speed or torque is a direct
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reflection of the effectiveness of the entire system. The
research shows that by supplying the motor with a ripple free
voltage and a control signal that accounts for its dynamic
uncertainties the proposed system allows the motor to operate
at its full potential that achieving superior tracking, stability
and efficiency compared to conventional methods [25]. It
operates on a 240-volt supply and spins at a nominal speed of
1750 revolutions per minute (RPM). The field winding, which
generates the magnetic field necessary for motor operation, is
excited by a separate 300-volt supply [26, 27].

The mathematical model of the DC motor is given in studies
[28-30]. Table 1 shows the DC motor parameters.

Table 1. DC motor parameters

Parameter Type Value
Armature resistance 2.581 ohms
Armature inductance 0.028 H

Field resistance 281.2 ohms

Field inductance 156 H

Mutual inductance 0.9483 H
Total inertia 0.02215 kg.m2
Viscous friction coefficient 0.002953 N.m.s

Friction torque

2.2 Conventional control system

2.2.1 Traditional SMC

SMC is a robust nonlinear control technique that is highly
effective for controlling systems with uncertainties and
disturbances. It is a form of variable structure control which
means the control law changes based on the system's state. The
core principle of SMC involves defining a "sliding surface" in
the system's state space. The controller primary goal is to drive
the system state trajectory onto this surface and then maintain
it there. Once the system's state is "sliding" along this surface,
its dynamics become independent of the system original
parameters and are only governed by the design of the sliding
surface itself [31, 32]. That makes the system robust to
parameter variations and external disturbances. The control
signal generated by an SMC is typically a high-frequency,
discontinuous signal which is what forces the system onto the
sliding surface [33]. While this discontinuous control provides
excellent robustness, it also leads to a significant drawback
known as chattering. Chattering is the high-frequency
oscillation of the system state around the sliding surface [34].
The phenomenon can cause several problems in a DC motor
drive system that including increased stress on the mechanical
components, higher energy losses, and the generation of
undesirable high-frequency harmonics and noise. These
harmonics contribute to the Total Harmonic Distortion (THD)
of the system current and voltage which can lead to motor
overheating and poor overall performance. While
conventional SMC offers superior robustness compared to
linear controllers like PID, its inherent chattering makes it less
than ideal for applications where low ripple and high
efficiency are critical. That is a key limitation that more
advanced control strategies, such as the adaptive SMC used in
this research that aim to overcome. The mathematical model
of the SMC is given in reference [35].

2.2.2 Boost converter

A boost converter also known as a step-up converter, is a
type of DC-to-DC power converter that increases the voltage
from a DC source to a higher that regulated DC level. It is an
essential component in many powers electronic systems that



include DC motor drives, because it allows a low-voltage
source, such as a battery or a solar panel, to power a motor that
requires a higher voltage. The conventional boost converter
operates through a cycle of switching an electronic
component, typically a transistor or a MOSFET, to control the
flow of energy [36]. During the "ON" state, the switch is
closed, and the inductor stores energy from the input voltage
source. The diode is reverse-biased, and no current flows to
the output capacitor or the load. During the "OFF" state, the
switch opens, and the energy stored in the inductor is released
[37]. The inductor's magnetic field collapses, reversing the
polarity of the induced voltage and adding it to the input
voltage. This combined higher voltage forward-biases the
diode, charging the output capacitor and supplying power to
the load, which in this case is the DC motor. The continuous
process of charging and discharging the inductor results in a
boosted output voltage. However, the conventional boost
converter can produce a high-frequency ripple in both the
output voltage and current. The ripple is a significant
drawback in high-performance applications as it can cause
undesirable effects such as motor heating, vibrations, and
reduced efficiency [38]. In a control system, the ripple can also
interfere with the controller operation that making it more
challenging to achieve stable and precise performance. The
mathematical model of the Boost converter is given in
reference [35].

2.3 Proposed control system

2.3.1 Adaptive sliding mode control

Adaptive Reaching Law Sliding Mode Control (ASMC) is
a modern and effective variant of the traditional SMC that is
specifically designed to overcome the chattering problem
which is the primary drawback of conventional SMC. The core
principle of SMC is to force the system state trajectory onto a
predefined sliding surface. However, that is typically achieved
through a discontinuous control signal that causes high-
frequency oscillations (chattering) around the surface.

The adaptive reaching law approach modifies this control
signal by dynamically adjusting its gain. Instead of using a
fixed, high-gain switching term the adaptive law continuously
monitors the system's behavior relative to the sliding surface
[39]. When the system's state is far from the sliding surface the
adaptive gain increases to provide a strong, decisive push
towards the surface. As the system approaches and gets closer
to the surface, the adaptive gain is reduced, softening the
control action and minimizing the high-frequency switching.
This dynamic adjustment allows the controller to maintain its
robust properties while simultaneously mitigating chattering
[40]. The result is a control system that is both highly
insensitive to disturbances and parameter uncertainties and
provides a much smoother control output. In the context of a
DC motor drive, this translates to a remarkable reduction in
torque and current ripple, improved efficiency, and reduced
mechanical wear [41]. The adaptive reaching law is a key
innovation that allows SMC to be a practical and high-
performance solution for applications that demand both
robustness and smooth, low-noise operation. The proposed
law which incorporates a damping sinusoid, is defined by the
following equations [42]:

S; =—H(éi)szgn (S (1)

H(S))=¢ +(1-g)e ¥ cos (B]S) )

In these equations, f8; and a; are positive constants, while
the gains K; and ¢; are both constrained between 0 and 1. The
values of f; and q; are derived from the following second-
order polynomial:

S’ +2aS, +w’ =0 3)
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The operation of the proposed reaching law (1-2) can be
summarized as follows:

Initial State: The value of S; is initially non-zero and large,
which is a result of the closed-loop system's starting
conditions.

Parameter Selection: The constants S; and a; are chosen to
ensure that the term e ~%!Sil cos (;]S;) is approximately zero.
This selection leads to a very small value for H(S;), where
H(S;) = ¢;«<1.

Convergence Behavior: When H(S;) is small, the ratio K

H(Sp)
becomes very large. This causes the system's trajectory to
converge slowly toward S;= 0.

Chattering Reduction: As the system approaches | S; | =0,
the value of H(S;) approaches 1. This results in extremely low
chattering in the system's output because H (S;) becomes equal
to K;, which is less than 1.

The term e~%!Sil cos (B;|S;) has the unique characteristic
of crossing the zero-axis multiple times before the system's
state reaches its origin or equilibrium point. Proposition 3.1.
The reaching law defined in Eq. (11) consistently achieves
faster convergence to the equilibrium point compared to the
ERL (Exponential Reaching Law) assuming an identical gain
Ki. Proof 1. The begin by stating the reaching time formula for
the ERL as presented in reference [18]:
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Now, it can find the reaching time (T7,;) given by the
proposed adaptive reaching law. The reaching law (1-2) can
be rewritten as follows:

(+(1—g) e Vlcos (BS,) dS, =—K.dt (6)

Integrating Eq. (6) between zero and Try; and it should be
noted that Si (Try; = 0), one has:
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This equation can be simplified to:
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The integral for Tr,; is further specified based on the initial



sign of S;: For negative initial S; (S;<0 for all t<Try,;):
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For negative initial S; (S; > 0 for all t <Try;):
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According to Eqgs. (9) and (10), we have
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As a result of integrating the previous equations.

(specifically Eq. (11), which is not shown here), the reaching
time (Try;) is given by:

Tr, =
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The proof now proceeds to demonstrate that this proposed
reaching law yields a shorter reaching time than the ERL from
reference [18]. Assuming a large initial value for | S;(0) |,
the exponential term in Eq. (12) becomes negligible, allowing
for the following approximation:

1 ,

i

A second condition requires the gain K; to satisfy:

) -

To compare the two reaching laws, we subtract the
approximated reaching time of the proposed law Eq. (13) from
the ERL's reaching time (from an unlisted equation, likely Eq.

(9), resulting in:
)"

Recalling from Eq. (1) that u; = ¢;, Eq. (15) simplifies to:
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1 and all other parameters are positive), we can conclude that:

] is always positive (as 0 <¢; <

This final inequality proves that the reaching time of the
proposed adaptive reaching law is consistently less than that
of the ERL. The proof is therefore complete.

The computational complexity of the proposed Adaptive
Sliding Mode Control (ASMC) algorithm warrants discussion
regarding the real time implementation feasibility. While the
core of Sliding Mode Control (SMC) structure is inherently
fast due to its piecewise constant switching functions the
adaptive nature introduces additional computational load. The
added complexity stems from the need to be continuously
estimate or update the system parameters or uncertainties
online that often involving calculations for the adaptation law.
For the practical real-time implementation using
microcontrollers or FPGAs the execution time must be a
significantly less than the desired sampling period. The
feasibility hinges on whether the combined operations that
calculating the system states which determining the sliding
surface error that executing the discontinuous SMC switching
term and updating the adaptive gain can be completed within
the strict time constraint. Although ASMC is generally
considered computationally lighter than high-order model-
based controllers like Model Predictive Control (MPC) the
potential for high-frequency updates in the adaptive law
necessitates careful implementation choices such as selecting
a computationally efficient adaptation law or using faster
hardware to ensure the stability and performance benefits are
realize without introducing unacceptable implementation
latency. Figure 1 shows the block diagram of the proposed
ASMC for DC motor.

Reference Speed error

u
Sliding Surface » »  DC Motor

T

Adaptive Law

Measured Speed

Figure 1. Block diagram of an adaptive sliding mode control
system for DC motor

2.3.2 Advanced VMS boost converter

The advanced VMS boost converter is a sophisticated
evolution of the conventional boost converter that designed
specifically to address the limitations of traditional DC/DC
conversion particularly the generation of ripple and harmonics
[43]. While a conventional boost converter relies on a simple
switching scheme to step up voltage the advanced VMS
converter employs a more intelligent control strategy to shape
it output [44]. Instead of simply using a fixed frequency pulse
width modulation (PWM) signal a VMS converter actively
regulates the output voltage by adjusting the duty cycle of the
switch based on feedback. That allows for a more precise and
stable output voltage that making the converter behave more
like a controlled voltage source. The term "advanced" in this
context refers to the additional design optimizations that
further minimize ripple. That can include employing
specialized control algorithms such as those based on SMC or



using a more sophisticated filter network at the output. The
physical result of these advancements is a cleaner DC output
voltage with significantly reduced ripple and lower THD.
When this clean power is supplied to a DC motor it directly
translates into smoother operation, less mechanical stress and
reduced energy losses due to minimized current ripple. The
synergy is crucial because that allows the overall control
system to focus on the motor dynamics without having to
compensate for a noisy power supply that leading to a better
tracking performance and higher efficiency [8]. Figure 2
shows the VMS circuit connection in MATLAB/Simulink.

Voltage Multiplier Stage (VMS)

Gz

Figure 2. Boost VMS converter circuit in

The primary difference lies in adding the VMS is the main
switching stage. Depending on the duty cycle and the energy
storage of the inductor the conventional boost converter
immediately raises in the input voltage. It typically has a single
inductor, a switch, a diode and an output capacitor [45]. From

this the voltage gain (M) of a simple boost converter is
references [46, 47]:

1
D (18)

For the Boost VMS converter, the VMS stage effectively
multiplies this gain. If the VMS stage has N voltage multiplier
cells, the voltage gain can be approximated as:

V. 1+N

VM5_7:1_D (19)

in

M

This formula demonstrates the structural novelty: the VMS
stage provides a higher voltage gain (1+N) for the same duty
cycle (D) compared to a traditional boost converter. That
allows the converter to achieve the same high output voltage
with a lower duty cycle, which reduces the voltage stress on
the switching components and can improve overall efficiency
and reliability. Table 2 shows the specifications of the boost
VMS converter that used in the proposed system. Figure 3
shows the block diagram of the proposed control system for
DC motor.

Table 2. Specifications of the boost VMS converter

Adva

Boost Converter

cz

MATLAB/Simulink
Parameter Value
VMS capacitance Ci,2 85x102F
VMS diodes (Snubber resistance, Snubber (500 Q, 250%10°
capacitance) °F)
Input capacitance Choost 40x107 F
Inductance 4.8x107H
Speed ASMC Controller of DC Moler Powered by Boost VMS Converler Converler
—_— ASME
| | Puise
Raferenca Spead
Hawtoath
[ Memirt Spoa | Genernior
e Boost COMVerer r — — — — o o m m e e e e oo DD DT
| Voltage Multiplier Cell (VMS) ! :
! D1 Yy
1
1
i O Niotor
1
1
]
1 Load
1
1
1

Figure 3. Block diagram of proposed DC motor control system

3. RESULTS AND DISCUSSIONS
3.1 First scenario results

Figure 4(a) shows the system response during first scenario,
the superior performance of the proposed control system is
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evident through a detailed examination of the speed and torque
responses. In the first scenario which tests variable speed with
constant torque, the speed response of the proposed system is
marked by its rapid and stable tracking of the reference speed.
For instance, when the speed command steps from 800 rpm
down to 500 rpm at around the 10-second mark, the proposed
system speed settles quickly with minimal overshoot and a



low-ripple steady state. In contrast the conventional SMC
exhibits a larger initial overshoot and more noticeable
oscillations before settling. The zoom-in views further
highlight this difference; the conventional SMC shows a speed
ripple of approximately 30 rpm (from 720 rpm to 690 rpm) at
steady state, whereas the proposed control system maintains a
much tighter speed regulation with a ripple of less than 2 rpm.
That is a significant improvement in tracking accuracy and
stability. Figure 4(b) shows the torque response. Both systems
maintain a constant torque of approximately 20 N.m, but the
proposed system demonstrates significantly less torque ripple
during steady-state operation. The zoom-in shows the
proposed system torque ripple is a mere 1 N.m (from 21 N.m
to 20 N.m), while the conventional SMC exhibits a larger
torque ripple of about 3 N.m (from 23 N.m to 20 N.m).

To calculate the torque ripple for each controller based on
the provided results, it can use the formula for ripple
percentage:

Torque Ripple Percentage
_ Torquepeqr — Torqueygpey

20
Torqueaverage ( )

X 100%

Based on the torque response Figure 4(b), the numerical
values can be extracted to perform the calculations.

2 0
Torque Ripplegyc = 0 X 100% = 15%
The torque ripple for the conventional SMC is 15%. From
the same zoomed-in view of Figure 4(b), the torque response
for the proposed system is much smoother.
21-20

X 1009
20 %

Torque RlppleProposed Control System =
=5%

The torque ripple for the proposed control system is 5%.
The results show that the proposed control system

Speed (rpm)

200 : - - - : i

= 1 e 1 1 =
—SMC —Refrence Speed —Proposed Control System

10 15 20 25 30 35
Time (seconds)

(a)

40 45

significantly reduces the torque ripple as evidenced by a 15%
ripple for the conventional SMC versus a 5% ripple for the
proposed system. That confirms the visual observation from
the graph that the proposed system provides a much smoother
torque output.

The physical reasons for outperformance are rooted in the
integrated design of the adaptive SMC and the advanced boost
VMS converter. The conventional SMC while robust are often
suffers from the chattering phenomenon high-frequency
oscillation around the sliding surface. The chattering translates
directly to ripple in the control output which in turn that causes
the observed oscillations in the motor speed and torque. The
adaptive component of the proposed SMC is designed to
mitigate this effect. It adjusts the control gains in the real time
based on the system state and uncertainties that allowing for a
smoother which less aggressive control signal. The adaptive
mechanism effectively reduces the high frequency switching
and subsequent chattering that leading to the remarkably low
both speed and torque ripple seen in the results.

Furthermore, the choice of the advanced boost VMS
converter plays a crucial role. A typical boost converter might
contribute to voltage and current ripple that which is would
exacerbate the chattering issue. However, an "advanced" VMS
converter is designed for the precise output voltage regulation
with minimal ripple. By directly controlling the output voltage
the converter provides cleaner power source to the motor. The
combination of the clean power and the adaptive control signal
from the SMC creates a highly synergistic system. The
controller does not need to compensate for significant power
supply fluctuations that allowing it to focus on motor
dynamics. At the same time the converter smooth output
enables the controller adaptive features to be most effective.
The holistic design where the control algorithm and the power
electronics are optimized to work together is the fundamental
reason the proposed system outperforms the conventional one
in both dynamic response and steady-state stability. The
reduction in torque ripple is a direct consequence of the
decreased armature current ripple which is itself a result of the
reduced chattering from the adaptive controller and the
smoother voltage output from the advanced converter.

—SMC
~—Refrence Torque
[—Proposed Control System

-

15 20 25 30

Time (seconds)

(b)

35 40 45

Figure 4. System response during first scenario (variable speed and constant torque) (a) speed response, (b) torque response

Figure 5, the proposed control system demonstrates superior
performance in armature current, field current, output DC/DC
converter voltage, and output power. Figure 5(a) shows the
armature current response for the conventional SMC and
proposed control system (blue line). The proposed control
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system exhibits a higher armature current than the
conventional SMC (red line). At a reference speed of 800 rpm,
the proposed control system draws a current of approximately
26 A while the conventional SMC draws around 20 A. The
current for both systems remains relatively constant during



steady-state operation, with the proposed system showing
minimal ripple compared to the conventional SMC. Figure
5(b) shows the field current remains constant for both systems
the field current of the proposed control system (blue line) is
consistently lower than that of the conventional SMC (red
line). The conventional SMC maintains a field current of
approximately reach to 1.07 A while the proposed system
maintains a field current of approximately reach to 0.85 A. The
field current is remains stable for both systems during the
variable speed operation. Figure 5(c) shows that the output
DC/DC converter voltage for the proposed control system
exhibits significantly less ripple and better regulation
compared to the conventional SMC systems. The proposed
system voltage response is smoother with less noticeable
fluctuations during speed transitions as seen in the zoomed
view which shows voltage peaks and valleys of around 130 V
and 120 V. The translates directly to a cleaner power output.
The output power graph reinforces that with the proposed
system providing a lower and more stable power output for
each speed step.

The proposed control system consistently operates at a
higher power output compared to the conventional SMC.
When the speed is at 800 rpm the proposed system power is
approximately 3600 W while the conventional SMC power is
around 2800 W. This is because the proposed system, in its
effort to provide a cleaner voltage and current with less ripple,
draws more power to maintain the motor performance, as

40 T T
—SMC
—Proposed Control System-

35

[}
o

_
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o

-

Armature Current (A)
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-
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o

o
o
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(a)
160 T e
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S
° 100
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1]
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60| 1
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401
| 115 4
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Time (seconds)
(c)

11

shown in Figure 5(d).

The physical reasons for this outperformance stem from the
core design philosophy of the proposed control system. The
ASMC at the heart of the system actively mitigates the
undesirable effects of traditional SMC. Conventional SMC is
known for a phenomenon called chattering, which is caused
by high-frequency switching to keep the system state on the
sliding surface. This chattering leads to increased ripple in the
control signal, which in turn causes ripple in the motor's
armature current and the converter's output voltage. The ripple
contributes to higher I°R losses, motor heating and less
efficient operation. The proposed adaptive SMC by adjusting
the gains in real-time that provides a smoother control output
that reducing chattering and its ripple related consequences.
That is why the proposed system's armature current is not only
lower but also significantly smoother. The improved advanced
boost VMS converter complements this by providing a cleaner
power supply to the motor. The VMS design allows for tighter
regulation of the output voltage, minimizing fluctuations and
ripple. The results in the smooth voltage and power curves
seen in the results. The combination of a chattering-mitigating
adaptive controller and a high-fidelity power converter creates
a system that is not only robust but also highly efficient and
stable that leading to lower current and power consumption for
the same performance. The reduced ripple in voltage and
current also contributes to a lower THD which further
enhances the system efficiency and longevity.
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Figure 5. Experimental results: System response during first scenario (variable speed and constant torque) (a) armature current,
(b) field current, (c) output DC/DC converter voltage, (d) output power

3.2 Second scenario results

Figure 6 shows the results for the second scenario of
constant speed and variable torque, it can clearly see the
superior performance of the proposed control system. The
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speed response, shown in Figure 6(a), demonstrates the
proposed system ability to maintain a constant speed of 600
rpm with remarkable stability, even as the load torque changes.
The conventional SMC by contrast exhibits noticeable speed
dips and spikes at the moments of torque variation such as at



15 and 30 seconds. The proposed system handles these load
changes with the minimal speed deviation as highlighted by
the smooth speed curve. That indicates the proposed system
superior robustness and transient response to the external
disturbances.

Figure 6(b) shows the torque response for the second
scenario. While both systems successfully follow the reference
torque steps from 20 N.m to 30 N.m at 15 seconds and then to
35 N.m at 30 seconds the proposed system achieves with
significantly less ripple. The zoomed in portion of the graph
illustrates the conventional SMC is large torque ripple during
steady-state operation the oscillating between approximately
to 28.5 N.m and 31.5 N.m when the reference torque is 30
N.m. The proposed system on the other hand that maintains a
much tighter torque output with minimal oscillation. The
difference in ripple is direct result of the physical properties of
the two control methods. The conventional SMC reliance on a
fixed control law leads to high-frequency switching, known as
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chattering which is translates to the observed ripple in the
torque and speed. The proposed adaptive SMC, by
dynamically adjusting its parameters, mitigates this chattering,
providing a smoother and more stable control signal. This,
combined with the advanced boost VMS converter ability to
supply a clean voltage that ensures that the motor operates
with minimal oscillations, leading to a much smoother and
more efficient performance. To quantify the torque ripple, it
can use the Eq. (20):
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Figure 6. Experimental results: System response during second scenario (constant speed and variable torque) (a) speed response,
(b) torque response

Figure 7 shows the results for the second scenario, a
constant speed with variable torque, the proposed control
system superior performance is evident in its armature current,
field current, output DC/DC converter voltage, and output
power responses. Figure 7(a) shows the armature current
response. The proposed control system (blue line) draws a
higher armature current as the torque demand increases. For a
reference torque of 30 N.m, the proposed system's armature
current is approximately 32 A, while the conventional SMC's
current is about 26 A. When the torque is increased further, the
proposed system's current rises to approximately 37 A, while
the conventional SMC's current reaches around 30 A. The
proposed control system handles the torque steps with a faster
and smoother transition compared to the conventional SMC.

Figure 7(b) shows the field current. The proposed control
system field current (blue line) remains at a lower and more
constant level, at approximately 0.85 A, even when the torque
demand changes. In contrast the conventional SMC field
current (red line) remains higher at approximately reach to
1.07 A. The output DC/DC converter voltage in Figure 7(c)
shows the significant difference in power stage performance.
The proposed system voltage response is consistently
smoother with less ripple and faster settling times during the
transitions. When the torque steps up at around 15 seconds the
proposed system voltage rises smoothly to approximately to
140 V. It remains stable while the conventional SMC system
voltage shows that more pronounced fluctuations before
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settling. The stable voltage regulation is crucial for the
providing a clean power supply to the motor. Figure 7(d)
shows the output power response. The proposed system
requires less power to achieve the same performance as the
conventional SMC. The output power for both systems tracks
the changes in torque demand. When the torque increases, the
power output of the proposed control system rises to
approximately 5100 W, while the conventional SMC rises to
about 4000 W. The proposed system consistently draws more
power to precisely and smoothly follow the torque changes.
That is a direct consequence of the proposed system's reduced
current ripple and improved efficiency which stems from the
effective mitigation of chattering by the adaptive SMC and the
superior voltage regulation of the advanced boost VMS
converter. The reduced ripple means less energy is wasted as
heat that leading to a more efficient overall system.

3.3 Third scenario results

Figure 8 represents the third scenario of variable speed and
variable torque, clearly shows the proposed control system's
superior performance in handling complex dynamic changes.
Figure 8(a) shows the speed response. The proposed system
remarkable ability to track the reference speed with high
precision, even when the reference torque is also changing. At
the 15-second mark, when both speed and torque change
simultaneously, the proposed system quickly settles to the new



reference speed with minimal transient deviation. The
conventional SMC exhibits a larger initial overshoot and more
noticeable oscillations before settling. The zoom-in view
highlights this difference that showing the conventional SMC
with significant speed ripple, fluctuating by approximately 10
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rpm (from 815 rpm to 805 rpm) while the proposed system
maintains a nearly perfect and ripple-free steady state at 805
rpm. The superior tracking and stability are a testament to the
robust and the adaptive nature of the proposed control
algorithm.

—sMC ;Prnposéd Control System

X 11.648
Y 1.06686

0.9

X 22534
Y 0.853182

20 25 30
Time (seconds)

(b)

35 40 45 50

9000 F
8000
7000

—SMC —Proposed Control System

z

3000
2000
1000

0 5 10 15 20 25 30

Time (seconds)

(d)

35 40 45

Figure 7. Experimental results: System response during second scenario (constant speed and variable torque) (a) armature
current, (b) field current, (c) output DC/DC converter voltage, (d) output power

Figure 8(b) shows the torque response for the third scenario.
While both controllers successfully track the reference torque
steps the proposed system does so with significantly less ripple
and chattering. The zoomed section reveals the conventional
SMC torque output with noticeable high-frequency
oscillations that fluctuating between approximately to 29 N.m
and 31.5 N.m when the reference torque is 30 N.m. The
proposed system on the other hand maintains a much tighter
torque output with minimal fluctuation. The difference is
directly linked to the physical principles of the two controllers.
The conventional SMC chattering a result of its switching
nature that translates into high-frequency ripple in the torque
output which can lead to increased stress on the motor and
mechanical system. The adaptive nature of the proposed SMC
minimizes this chattering by adjusting control parameters in
real time that leading to a much smoother and more stable
torque response. The results in not only better performance but
also improved system longevity and efficiency. To quantify
the torque ripple, it can use the Eq. (20):

, 31.5 — 29
Torque Ripplegyc = 30 X 100% = 8.3%
Torque Rippleproposed Control System
30.2-298

The calculation shows that the conventional SMC has a
significant torque ripple of approximately 8.33%, while the

proposed system has a substantially lower torque ripple of
approximately 1.33% that confirming its superior performance
in this demanding variable speed and variable torque scenario.

Figure 9 presents the results for the third scenario of
variable speed and variable torque, clearly shows the proposed
control system's superior performance in managing armature
current, field current, output DC/DC converter voltage, and
output power.

Figure 9(a) shows the armature current response. The
proposed control system (blue line) consistently draws a
higher armature current than the conventional SMC (red line).
For instance, when the speed and torque increase the proposed
system current rises to approximately 37 A, while the
conventional SMC current rises to around 26 A. The proposed
control system's current response is more stable and has less
ripple during both steady-state operation and dynamic
transitions, highlighting its superior control performance in the
most challenging scenario. The physical reason for the
proposed system higher armature current is likely a
consequence of its control strategy which is prioritizes
tracking accuracy and reduced ripple over minimal current
draw. The advanced boost VMS converter ability to provide a
more stable and regulated voltage output, combined with the
adaptive SMC ability to minimize chattering that allows for
more precise control of the motor speed and torque. The
superior control while drawing a higher current that results in
the significantly lower torque ripple and improved overall
system performance observed in the other Figures. The
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conventional SMC while drawing less current that exhibits
greater oscillations and is less efficient at maintaining the
desired output due to its inherent chattering. However, the
proposed system (blue line) maintains a lower field current of
approximately 0.85 A while the conventional SMC (red line)
operates at a field current of approximately to 1.07 A. Across
all three scenarios the proposed control system consistently
operates at a lower field current that indicating a more efficient
use of power in the field winding of the DC motor. Figure 9(c)
shows the output DC/DC converter voltage. The significant

difference in the power stage performance. The proposed
system voltage response is consistently smoother with less
ripple and faster settling times during the transitions. When the
torque and speed step up at around 15 seconds the proposed
system voltage rises smoothly to approximately to 130 V and
remains stable while the conventional SMC system voltage
shows more pronounced fluctuations before settling. The
stable voltage regulation is crucial for the providing a clean
power supply to the motor.
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Figure 8. Experimental results: System response during third scenario (variable speed and variable torque) (a) speed response,
(b) torque response

As seen in Figure 9(d) the proposed control system operates
at a significantly higher power level that reaching
approximately to 7600 W in contrast to the conventional SMC
which reaches approximately to 5700 W. The higher power
consumption by the proposed system is a necessary trade off
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to achieve its superior performance in speed tracking and
torque ripple reduction. The increased power draws the
enables the system to maintain a stable and smooth response
even under the most challenging operating conditions.
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Figure 10. THD for SMC and proposed system (a) SMC voltage, (b) proposed control system voltage, (¢) SMC armature current,
(d) proposed control system armature current

Figure 10 shows the THD result. The proposed control
system that demonstrates a stark and physically significant
outperformance over the conventional SMC system. The
conventional SMC voltage THD is calculate at a high 8.33%
while its armature current THD is even high at 9.21%. In stark
contrast the proposed control system achieves a remarkably
low voltage THD of just 1.18% and an armature current THD
of 1.59%. This is a dramatic reduction, with the proposed
system's THD being approximately seven times lower for
voltage and nearly six times lower for current.

The physical reasons for the superior performance lie in the
fundamental design and operation of the integrated system.
Conventional SMC while effective for robust control that
inherently generates a significant amount of high-frequency
noise and harmonics. That is due to its "chattering”
phenomenon where the control signal rapidly switches back
and forth at a high frequency to keep the system state on the
sliding surface. The rapid switching introduces undesirable
high-frequency components into the converter output voltage
and, subsequently the motor armature current. These
harmonics do not contribute to useful motor work but instead
lead to increased losses in the motor windings that excessive
heating, and potential for electromagnetic interference (EMI).
The high THD values for the conventional SMC are a direct
quantitative measure of the ripple and chattering.

The proposed control system outperformance is a direct
consequence of two key factors working in synergy. First the
adaptive nature of the SMC is designed to mitigate the
chattering effect. By dynamically adjusting the control
parameters the adaptive controller can provide a smoother
control signal that reducing the high-frequency switching and,
as a result the harmonic content. Secon and perhaps most
importantly the advanced boost VMS converter provides a
cleaner power supply. Unlike a conventional converter that

2239

might have inherent ripple the VMS converter is optimized for
precise output voltage regulation. It actively shapes the output
voltage to be as close as possible to the desired DC value
thereby filtering out the harmonics that would otherwise be
present. The combination of an intelligent adaptive control
algorithm that minimizes chattering and a high-fidelity power
stage that cleans up the output signal results in a near ideal DC
power supply for the motor. That is leading to the very low
THD values observed which translates to a more efficient,
quieter, and reliable motor drive with reduced losses and
improved longevity.
The summary of the research results in a Table 3.

Table 3. Summary of research results

Parameter Conventional Proposed Control
SMC System
Scenar{o 1: torque 15% 5%,
ripple
Scenarrli% slietorque 10% 1.33%
Scenarrli% slietorque 8.33% 1.33%
Voltage THD 8.33% 1.18%
Current THD 9.21% 1.59%

The calculation for the measure of the system's ability to
maintain a stable speed with minimal fluctuation. It is
quantified as the percentage of the average speed that is free
from ripple. The formula used is:

Sp eEdripple

Speed

average

Tracking Efficiency = (1 - J x100% 21



Speed tracking efficiency is calculated as the percentage of
the reference speed that is accurately maintained, which is a
measure of the system ability to minimize ripple and
oscillations. The calculation is based on the speed ripple
observed in the steady-state portion of the graphs from the first
scenario:

30
—) x 100% = 96.25%

Tracking Ef ficiencysyc = (1 ~ 800

Tracking EffiCienCyProposed Control System

2
= —— | X 0f = . 0,
(1 800) 100% = 99.75%

The calculation of tracking efficiency for the third scenario
is given:

10
—_ 0fy — 0,
805) X 100% = 98.75%

Trackmg Effwlencyproposed Control System

1
= —— | X 0f = . 0,
(1 805) 100% = 99.88%

Tracking Ef ficiencysyc = (1

Table 4 shows the summary of the comparative in dynamic
performance between SMC and proposed control system.

Table 4. Summary of dynamic performance

. Proposed

Parameter Con;;}lgonal Control

System
Rise time (s) 0.35 0.15
Settling time (s) 0.6 0.25
Speed tracking efficiency o N

(Scenario 1) 96.25% 99.75%

Speed tracking efficiency 08 75% 99 88%

. 0 . 0

(Scenario 3)

According to Table 5 which compares the research with
earlier investigations the suggested control system responds
better than other types. It primarily serves to benchmark the
potential improvement offered by the proposed Adaptive SMC
strategy against established techniques under their respective
optimal or typical operating conditions rather than providing a
direct side-by-side quantitative comparison under a single that
unified test protocol.

Table 5. Comparative analysis of dynamic performance for
various dc motor control systems

Previous Studies Rise Time Settling Time
(O] (O]

Proposed control system 0.15 0.25

Conventional SMC with boost 035 0.35
converter

SMC [10] 0.593 1.627

PID [10] 1.422 6.707

Fuzzy logic control (FLC) [10] 1.135 2.165

4. CONCLUSION

This research successfully demonstrates the significant
performance advantages of a novel control system for the DC
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motors that synergistically combines ASMC with an advanced
boost VMS converter. The study findings that supported by
comprehensive numerical analysis across three distinct
operating scenarios that prove that this integrated approach
effectively addresses the key limitations of conventional
control methods. By dynamically adapting to system
uncertainties and providing a remarkably clean power supply
the proposed system drastically reduces undesirable effects
such as chattering, high-frequency ripple and harmonics. That
is quantitatively evidenced by the substantial reduction in
THD with voltage THD dropping from 8.33% to 1.18% and
current THD from 9.21% to 1.59% compared to the
conventional SMC. Moreover, the system exhibits superior
dynamic response that achieving faster settling times (as low
as 0.25 seconds) and significantly that improving speed
tracking efficiency to over 99.8%. The minimal torque ripple
that reduced to as little as 1.33% in the most challenging
scenarios further confirms the system robustness and
precision. The results collectively validate the proposed
system as a highly efficient, stable and robust solution for high
performance DC motor control that validating its potential for
demanding industrial and robotic applications.

4.1 Limitations and future work

A notable limitation of this study is that the validation was
exclusively simulation-based that meaning the exact
performance degradation due to real-world hardware
constraints such as time delays, power component non-
idealities and measurement noise that remains unquantified.
Building upon this success the following directions are
proposed for future research:

1. Transitioning the control system from simulation to the
physical prototype. That involves optimizing the ASMC
algorithm for execution on high-speed platforms like DSPs or
FPGAs to meet the strict timing requirements imposed by the
adaptive gain updates which is a significant computational
challenge.

2. Investigating intelligent control methods such as fuzzy
logic or neural networks to design the adaptation gain. That
would allow the controller to learn from real-world operating
data potentially offering a more refined and robust chattering
mitigation strategy than the current fixed-power law.

3. Exploring advanced techniques to decrease the output
needed power for the proposed control system without
sacrificing the achieved performance metrics thereby
improving overall system efficiency.

4. Designing an observer-based ASMC to estimate
unmeasurable states or the external system disturbances. That
would further enhance the controller robustness in practical
settings where direct state sensing is infeasible.

5. Conducting a rigorous comparative study against other
state of the art controllers such as Higher Order SMC or
Adaptive Backstepping Control to clearly define the specific
niche where the proposed ASMC with an advanced VMS
converter excels.
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