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Abstract - Very Sparse Matrix Converters (VSMCs) are a reduced-switch version of conventional AC-AC conversion systems,
but have not been extensively explored with respect to their influence on the dynamic performance of Induction Motor (IM)
drives. In this study, the goal is to develop a closed-loop V/F controlled induction machine using a VSMC and to compare the
performance of two modulation techniques, namely, Conventional Space Vector Modulation (CSVM) and Indirect Space Vector
Modulation (ISVM), for such an application. To enable the system to be evaluated under the same operating conditions, a
comprehensive two-axis mathematical model of the induction motor and converter system was implemented in Matlab/Simulink.
The performance was evaluated under step changes in the reference and load torque, especially transient performance, such as
settling time, rising time, peak overshoot, undershoot, and DC link voltage utilization. It was observed that ISVM contributed to
better voltage transfer capability and faster dynamic response, whereas CSVM presented smooth torque evolution with less
oscillatory behavior. The results presented here point to some practical compromises between the transient smoothness and

response speed of the modulation strategies for VSMC-fed induction motors. The results provide a dynamic comparison approach

for good modulation decisions for medium-performance industrial induction motors.
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1. Introduction

Considering the need for bulky intermediate stages for
power conversion, DC-AC and AC-DC, one of the advanced
power electronic converter devices is a matrix converter,
which allows direct AC-AC power conversion without using
any energy storage devices. [1, 2]. The inherent characteristics
of these are compact size, bidirectional power flow, increased
reliability, and their ability to produce almost sinusoidal input
and output waveforms with lower harmonic distortion. These
properties render them very attractive for new applications in
renewable energy systems, modern motor drives, and
advanced power quality enhancement. At the same time,
induction machines are still the backbone of electrical
engineering because of their ruggedness, efficiency, and
economic viability and are widely used for industrial
automation, manufacturing, electric vehicles, and renewable
energy conversions [3, 4]. The V/f control is commonly used
for induction machines, which can be used to set a constant
stator flux to ensure that the torque is stable across a wide
range of speeds. Thus, matrix converter-driven induction
machine represents a potential opportunity for small, reliable
and energy-efficient electrical drive solutions in the future [5].
While SMCs offer many benefits, there are also a number of

technical issues to deal with when using them with induction
motor drives, due to the complex relationship between the
switching states of the converter and the electromagnetic
performance of the motor [6]. Although SMCs have several
advantages, like small size and high-power density, the
number of switching combinations is often limited. This
restriction can cause harmonics and voltage distortions, which
in turn can have a detrimental effect on machine performance.
This distortion is manifested as undesired torque ripple,
copper and core losses, and a decrease in drive efficiency,
especially in high-performance industrial applications [7].
Because of the limited number of switching states in a sparse
matrix, more advanced control methods, like field-oriented
control or direct torque control, are much more difficult to
implement because they generally require smooth and
accurate voltage vector generation [8]. Moreover, the
switching of SMCs can cause common mode voltages, current
ripple, and Higher Electromagnetic Interference (EMI) levels,
which require strong control techniques for effective
mitigation. To solve these problems, it is necessary to develop
effective modulation techniques to simultaneously reduce
unwanted phenomena like harmonic distortion and torque
ripples and make the most of the inherent benefits of SMCs.
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Although there are some different modulation methods in the
case of matrix converters, the comparative performances of
these methods are yet not clearly understood, particularly if
the matrix converter is used in Very Sparse Matrix Converter-
fed induction motor drives under V/f control. In particular, the
different modulation schemes and their trade-off in terms of
dynamic response, steady state performance, utilization of the
DC-link voltage, and transient performance for VSMC
applications have not been characterized in a comparative way
in an extensive way.

2. Literature Review

The analysis of matrix converters has gone beyond the
issue of commutation safety and topology design to the
development of advanced modulation methods designed to
enhance the voltage gain and harmonic properties. The space
vector methods are rapidly gaining popularity because they
now have digital implementation and improved utilization of
the DC link [9]. Recent research has proposed predictive,
hybrid, and optimized switching arrangements to improve the
steady-state quality of the waveforms and mitigate common-
mode effects [10]. The approaches based on optimization
report that "The main approaches, such as Model Predictive
Control and Space Vector Modulation, are discussed as being
able to achieve better dynamic performance, harmonic
distortion reduction, and energy efficiency and that
comparative analysis with traditional methods highlights the
better efficiency and robustness of optimization-based
methods in industrial drives, renewable systems, and high-
performance applications [11]. An SVM scheme that is open-
current-vector-based and proposed to convert the sparse
matrix can achieve the peak common-mode voltage reduction
by 42.3% without deteriorating the performance of the input
and output waveforms or the voltage transfer ratio. This
validates that the recent direction of research is to combine
waveform-quality improvements with hardware-
simplification objectives in the sparse/very-sparse family [12].

Sparse and very sparse realizations were introduced to
simplify the hardware, which required fewer semiconductors
and less AC-to-AC conversion. Such realizations simplify the
implementation but restrict the redundancies in switching,
thereby affecting the possible voltage vectors. Consequently,
the modulation characteristics of classical converters cannot
be applied to VSMC systems. In a recent comparative study
of SVPWM versus SPWM on a three-phase matrix converter
to a three-phase induction motor under closed-loop V/F
control, the authors performed a Simulink study. In this study,
the authors compared the torque, speed response, and total
harmonic distortion of the identical plant, and it was found that
the space-vector method outperformed the scalar method
when a motor load is connected to the conversion device [13].
An analogous DTC-SVM scheme of an induction motor
driven by a matrix converter found that the combination of
DTC-MC with SVPWM was better in terms of simplicity,
dynamic response, and torque response, and simulations

confirmed the method, indicating a robust dynamic response,
greatly reduced the motor torque ripple and improved speed
control [14].

Due to its robust nature and relatively low calculation
complexity, scalar V/F control is still used in many industrial
induction motor drives. However, the literature mainly
compares the modulation elements of VSI or indirect matrix
converters, and the comparisons are generally made in terms
of THD, voltage gain, or input power factor [10]. In 2021,
Mugheri and Keerio [15] independently tested a fuzzy-PI
controller in an application on a V/F-controlled induction
motor and found that the performance of the simplified-rule
fuzzy-PI controller was better than that of an open-loop
constant V/F control and a traditional PI controller. In more
modern advancements, Truong et al. [16] suggested a parallel-
structure PI controller for V/F-controlled induction motors,
wherein the coefficients Kp and Ki are not constant but are
dynamically varied in real time by a fuzzy logic controller.
They demonstrated that the system was more stable and
responsive, and tracked the reference speed better than the
conventional PI controller with fixed parameters.

Only limited attention has been given to the effect of
different space vector strategies on the transient and dynamic
response of an IM when supplied by a VSMC. Quantitative
information regarding the rise time, settling behavior, torque
recovery, and DC-link variation under realistic disturbances is
rarely detailed.

3. Research Gap

Although there have been remarkable advancements in
matrix converter modulation, most studies have focused on
topological optimization, switching optimization, and the
mitigation of harmonics. The validity of performance is
commonly tested in terms of stable-state waveform quality or
voltage transfer capability. Although these metrics are
significant, they are insufficient to understand the behavior of
a converter as it is applied to a real motor drive operating
under dynamic disturbances. Specifically, the spatial aspect of
space vector strategies is not often investigated in terms of its
impact on the speed regulation properties when a VSMC is
used. A lesser number of switches in the VSMC alters the
available voltage vectors, significantly affecting transient
torque production, load perturbation recovery, and reference
tracking. However, there is limited quantitative evidence to
describe these effects.

In addition, most comparative studies involving
conventional and indirect space contracting techniques have
been conducted on voltage-source inverters or conventional
indirect-matrix converters. Their findings cannot be applied
directly to VSMC structures owing to varying commutation
directions and conduction limitations. Hence, there is an
evident need for a systematic study that should assess the
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performance of CSVM and ISVM in a scalar-controlled
induction motor drive with a VSMC, especially regarding the
dynamic speed indices as opposed to harmonic factors alone.

The novelty of this work is that CSVM and ISVM are
simulated as part of a common simulation platform under the
same operating conditions. This method allows the direct and
unbiased assessment of their dynamic influence on the
behavior of induction motors, which has not been sufficiently
treated in previous studies. This study differs from previous
works, which mainly focused on the steady-state voltage
quality and quantified key transient parameters and dynamic
characteristics of the load and speed references. The analysis
shows significant practical compromises: the ISVM improves
voltage utilization and speeds up the response of the system,
while the CSVM ensures smoother torque evolution with less
oscillatory behavior. This type of comparative information is
very useful for drive engineers to choose the best possible
modulation strategy for their application in case priorities are
set or a certain dynamic behavior is desired.

4. Indirect Matrix Converter Topology

The Indirect Matrix Converter is an advanced power
conversion architecture that efficiently integrates the
functions of a rectifier and inverter into a package. Unlike
conventional AC-DC-AC converters, the IMC converter
directly converts AC to AC without large intermediate DC-
AC link capacitors and inductors. [17-19]. An IMC does not
require any reactive energy storage components to operate,
which can result in a smaller footprint, increased reliability,
and useful life. The main benefits of the IMC design are the
ability to generate sinusoidal input and output waveforms with
a high power factor and low harmonic distortion. Advanced
modulation techniques are wused to realize these
characteristics, which are also optimized with respect to the
switching of bidirectional semiconductor devices [20]. Owing
to its voltage control characteristics, size, and rate of change
of the output voltage, this topology is particularly suitable for
applications in renewable energy interface units, motor drives,

and grid-connected power converters.
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Fig. 1 Schematic block diagram of the indirect matrix converter
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With its potential capabilities, IMC faces major
challenges that must be overcome for large-scale industrial
adoption. These difficulties are due to the difficulty of control
algorithms, a somewhat large number of semiconductor
devices, and possible problems of voltage commutation and
switching transients [21, 22]. However, current studies on

more effective modulation and protection methods are
gradually making IMC a real competitor to traditional
converter topologies. In principle, an IMC can be considered
as a traditional inverter-based system, except that it does not
use any physical DC-link energy storage devices. Instead, it
uses a fictional intermediate DC-link bus to simplify the
conversion process. The Schematic block diagram of the
Indirect Matrix Converter topology is shown in Figure 1.

S. Different Topologies of Indirect Matrix

Converter

The direct AC-AC matrix converter is generally
recognized as having a relatively simple structure and good
performance characteristics, such as a small size, ability to
operate in bidirectional power flow, and generation of
sinusoidal input and output waveforms. However, traditional
PWM control methods and inherent difficulties in achieving
safe and reliable switching commutation of two-way switches
make their use difficult in industrial applications [23]. To
solve these problems, a two-step conversion is used, and thus,
the indirect matrix converter is developed. This has the
advantage of using a rectifier and an inverter stage without the
need for large energy storage elements. The fundamental
advantages of the IMC are reduced modulation complexity,
increased commutation resiliency, and increased operational
flexibility; thus, it is a very attractive alternative for advanced
AC drive systems and is applied in renewable energy sources.

5.1. The Structural Design and Working of the VSMC

The VSMC topology is an optimized ACAC conversion
topology. The VSMC utilizes 12 transistors and 30 diodes to
achieve the maximum working efficiency typical of standard
direct and sparse matrix converters [24]. The VSMC
significantly reduces the number of transistors compared with
a Traditional Sparse Matrix Converter (TSMC), thus making
the hardware implementation much simpler. However, the
result of this transistor shrinkage is compensated by the
increase in conduction losses, which can be ascribed to the
addition of more diodes in the existing conduction paths.
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Fig. 2 Very sparse matrix converter

As illustrated in Figure 2, the architecture employs a
diode bridge arrangement in the rectifier stage, which forms
the fundamental part of its bidirectional switching cell.
However, the inverter stage maintains a structural topology
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that is equivalent to that of a standard matrix converter. The
VSMC uses one of the six cells of the Diode-Bridge
Bidirectional Switching (DBBS) cells, thus ensuring a
dependable two-way power flow while maintaining the
important working features of the matrix converter
technology.

6. Modulation Strategies for Matrix Converters

Since the early 1980s, many modulation schemes for
matrix converters have been developed, as shown in early
reviews. Among these is the SVM technique, which has
become the most popular because of its computational
efficiency, relative simplicity, and compatibility with modern
digital control. The advent of the space-vector approach to the
analysis and control of matrix converters in [25] was an
important step in making SVM find wide application and
optimization in this areca. SVM allows the output voltage
magnitude, waveform quality, and input displacement factor
to be obtained in a refined and flexible manner, which is not
affected by the output displacement factor. In practice, SVM
is a pulse-width modulation technique that correlates voltage
references to space vectors in a specified switching plane and
thus determines the duty cycles of the converter switches.
SVM is a vector-based technique that enhances the
exploitation of the input voltage and does not introduce any
harmonic distortion; thus, SVM is a potentially viable and
powerful modulation technique that can be used by a matrix
converter.

6.1. Conventional Space Vector Modulation (CSVM)

In three-phase Voltage Source Inverter (VSI)
applications, such as high-performance motor drives and
renewable energy systems, vector-based modulation schemes
are used instead of Conventional Sinusoidal Pulse-Width
Modulation (CSPWM). Space Vector Modulation (SVM) is a
vector-based method in which sinusoidal references are
directly used with a triangular carrier to generate the switching
signals. In this method, 3ph voltages are mathematically
converted into a  two-axis  stationary  frame.
(a-B), Moreover, represented as one space vector.
Subsequently, within each sample period, the two neighboring
active vectors and the zero vector are alternatively switched to
obtain the desired output, depending on the magnitude and
angular location of this vector. Thus, a higher DC-link voltage
is used (approximately 15% higher than SPWM), and a much
lower Total Harmonic Distortion (THD) at the inverter output
is achieved [26]. Although SVPWM adds a little
computational complexity, with the development of modern
digital signal processors, it has become possible to apply it in
real-time applications. Consequently, SVPWM is the most
popular modulation technique in modern inverter-fed systems,
which has better voltage quality, lower switching losses, and
better dynamic performance than conventional PWM
techniques. The CSVM design is a generalization of the
SVPWM algorithm, which allows three-phase inverters to be
effectively controlled by using three voltage vectors in the

d-q reference frame [27]. The calculation of the commanded
voltage vector in the CSVM involves a two-step process: first,
the reference voltages are applied to the hexagonal vector
space of the inverter, and then, the commanded voltage is
projected onto this hexagonal region. At a single instance, the
reference vector is in a sector bordered by three neighboring
switching vectors. The CSVM algorithm involves the first step
of finding the three nearest vectors, followed by synthesizing
the desired voltage with the help of these vectors using the
proper allocation of duty cycles. When applied in constant
amplitude, the path of the reference vector is a circuitous path
and is proportional to the generation of an equal three-phase
voltage set at the inverter output. This is a vector-based
synthesis that enables good control of the output voltages and
phase relationships, thereby ensuring smooth operation of the
load connected. The CSVM is a computationally intensive,
systematic and efficient modulation framework; however, it is
a useful control strategy in matrix converters and other
enhanced AC-AC and AC-DC-AC power conversion systems.
Vas = 2Vag — 2 Vhg — 3 Vg (1)
The space-vector concept offers a sound mathematical
base for the study and control of three-phase electric systems.
This technique, which describes three-phase variables as one
rotating vector in a complex plane, is much easier to handle
mathematically than the traditional treatment of power
conversion and provides a more intuitive set of control
strategies when operating power-electronic converters and
electric drives. In space-vector-based modulation, three-phase
quantities are first converted to an equivalent two-phase
representation, usually in the synchronously rotating d-q or
stationary a-f reference frame. The subsequent reference
frame, parameterized by its magnitude and angular position,
summarizes the instantaneous condition of the apparatus. This
reference vector is then used to calculate the modulation of the
inverter output, which is reconstructed with two-phase
components. This conversion, in addition to simplifying the
control calculations, allows accurate voltage-vector
generation, which results in better quality output waveforms,
reduced harmonic distortion, and increased performance of
variable-speed drives and contemporary power converters.

6.1.1. Switching States of CSVM

In CSVM, switching states are an essential part of the
method used to generate the desired output voltage by varying
the switching pattern of the inverter. The reference voltage
vector is estimated during each switching period using a linear
combination of the neighbouring zero and active voltage
vectors. The algorithm works by considering eight possible
switching states, six of which are active (vertices of a hexagon
in the complex plane), and two of which are zero states (origin
of the complex plane). A reference vector is rotated through
the hexagon, creating a series of dynamically changing sectors
with duty cycles defined for the reference, so that as the
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reference rotates, the sectors change sequentially. This process
ensures accurate voltage vector curve tracking. CSVM
enables accurate control of the output voltage amplitude,
frequency, and phase, and minimizes harmonic distortion and
optimizes the switching sequence to improve the utilization of
the DC-bus voltage. This has resulted in the widespread use of
CSVM as a modulation technique in motor drives, grid-
connected inverters, and renewable energy conversion
systems that demand high-quality output waveforms and good
switching characteristics [28].
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Fig. 3 Space-vector representation for a three-phase VSI under
SVPWM

The switching state of the inverter, phase voltages, and
line-to-line voltage of a three-phase VSI with the SVPWM
scheme are shown in Figure 3. The values for each inverter leg
can be chosen to be connected to either the positive or negative
terminal of the DC link. In this way, the system can generate
8 different switching vectors. (V0-V7) over time. Of these
vectors, VO and V7 are zero vectors because all three phases
are tied to the same DC-link voltage; thus, the line-to-line
output voltage is zero. The other six vectors are vectors V1-
V6, which are active (or voltage vectors) that form the vertices
of a regular hexagon in the space-vector plane.

Normalizing the line-to-neutral voltages to the DC-link
voltage and deriving the line-to-line voltages as the difference
between corresponding phase voltages reveals a crucial
insight. This correspondence illustrates that when an
appropriate order of state switching is implemented, the
SVPWM can produce nearly sinusoidal output waveforms that
achieve excellent DC-link voltage utilization and less
harmonic distortion than traditional sinusoidal PWM. The
electronic switches of the inverter are employed in a 180°
conduction mode, featuring six active switching states and two
zero states, thereby maintaining only three active switches in
either the upper or lower leg at any given time. Three bits are
sufficient to form a binary coding scheme (23=8) to describe
these eight switching states, as shown in Figure 4 (a)-(c).
Owing to the complementary-switching principle, the status of
either the upper or lower switches must be defined because

turning on an upper switch implies that the corresponding
lower switch is off. The VSI consists of six switches (Si-Se),
where switches Si, S3, and Ss are positioned in the upper arms,
and their complementary counterparts Ss, S, and S, are
positioned in the lower arms. Eight distinct switching patterns
were generated by varying the on/off combinations of the
three upper switches. These patterns directly shape the output
voltages of the inverter, forming the basis for space vector
synthesis in the SVPWM algorithm [29]. Line-to-line voltage
vector [VpVycVegltis represented in mathematical matrix
form as.

Vab 1 -1 0 V;1
Voe|=Vac| 0 1 =1]|W (2)
Voo -1 0 11l

Line to neutral (phase) voltage vector [V, Vi Ven]®

Van L 2 -1 -1t
Vbn = 5 Vdc -1 2 -1 Vb (3)
Ven -1 -1 211l

Ntotat = NMpv-NmppT- Ninverter 4
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(a) Time plot for source voltage and output phase voltages
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(b) Time plot for the DC link available for the inversion stage when the
modulation index is 0.9.
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(c¢) Switching the state of S1 during the inversion stage.
Fig. 4 Time plots and switching state for very sparse matrix converter
with CSVM

6.2. Indirect Space Vector Modulation (ISVM)

The ISVM concept considers the matrix converter as an
equivalent circuit in which the matrix converter is replaced by
a virtual input rectifier, virtual DC link, and virtual output
inverter. In this case, the modulation process consists of
selecting appropriate switching functions to create the desired
output voltage and adjust the input current parameters. Many
modulation strategies have been proposed for matrix
converters; however, space-vector-based techniques have
come to the forefront as the most effective because they can
optimize the use of voltages and reduce harmonic distortion
[30, 31]. In the current study, the main emphasis was on the
ISVM approach. Simply put, the algorithm is directly derived
from the circuit model of the matrix converter (Figure 5),
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mirroring the functionality of a conventional back-to-back
rectifier-inverter setup; however, it does not include an energy
storage element, such as a DC-linked capacitor, in its circuit.
Based on this conceptual model, the space-vector modulation
plans used in the rectifier and inverter steps can be
implemented, and these plans are well established. The ISVM
scheme is a systematic and effective modulation method for
different topologies of the Indirect Matrix Converter (IMC),
by deriving the respective switching functions from this
representation. The placement of the reference vectors v, and
ij is in the Sinv and St sectors of their corresponding
hexagonal spaces; a total of 36 distinct location combinations
are possible.

Saa Sab Sac]” [S7 Ss
S S35 S
Sea Sop Smc| =[S0 Sl [dt & o]
SCa SCb SCC 511 512
S;.81 4+ 5.5,  $,.55+55.85,  S;.55 + Sg.Ss

S11-53 + 512.54

- SAp SBp
SR
Sbon Senn

Fig. 5 Space vector pulse generation of VSMC

In the ISVM scheme used in the case of the Indirect
Matrix Converter (IMC), four of the active states are used in
each modulation cycle. The two reference vectors are
associated with the inverter stage (a and b in Figure 6) and the
other two with the rectifier stage (y and & in Figure 6).

Given the simultaneous operation of the inverter and
rectifier, it is essential to consider all possible state
combinations to achieve the desired output voltage synthesis
and effective input current regulation. To achieve this, four
duty cycles were defined in the IMC control formulation, as
expressed in Equation (5).

The duty cycles are used to compute the distribution of
the switching periods among the chosen active states to
guarantee that the modulation scheme accurately reconstructs
the reference vectors. In this equation, the input current
modulation index is set at unity, which ensures that it uses the
input source to its best advantage.

The scale of the equivalent DC-link voltage (V) is
determined by the condition of power balance that is inherent
to the matrix converter, which thus links the rectifier and
inverter stages of the virtual back-to-back architecture.

V3 (010) V2 (llO)

V5 (OOI) 5(CB)
6 (AB)
(b)
Fig. 6 Graphical representation of the inverter and rectifier hexagonal
planes

The systematic assignment of duty cycles allows the
Isolated Switched-Mode Converter (ISVM) to reproduce
input currents in a sinusoidal form, control output voltages to
any desired accuracy, and produce waveforms of high fidelity
without any physical DC-link energy storage element. The
dithering values of the conversion and inversion stages of the
Integrated Multilevel Converter (IMC) are outlined as
follows:

dgy =m, - sin (g - einv) - sin (g - grect)
dﬁ’y =m,- Sin(einv) - sin (g - grect)
da6 =m,- sin (g - Qinv) . Sin(grect)

dﬁt? =m, - sin(Oiny) - SiN(Orece)

P = Pye = Vaclge = Q)

3
EVinlin COS( (pin) =

Vae

Vm Ia COS( <pm) mmC COS( QDm)

Improving operational efficiency is a key goal for the
IMC discussed here, which utilizes an eight-branch switch-
over symmetric switching scheme to coordinate five effective
switching states within each modulation period. This design is
specifically designed to limit switching losses by making the
system operate in a balanced manner and to avoid gratuitous
commutation. Figure 7 shows the ISVM scheme in the
Simulink model. It was built using the Simscape Power
Systems Toolbox, which provides a disclosed and modular
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representation of converter components. The circuit is made
up of a switching array and an input filter, which are used to
keep the input currents sinusoidal and minimize harmonics
and an RL load at the output. This type of simulation
framework provides a clear visualization of the ISVM work
and an in-depth analysis of the system behavior under a range
of operating conditions.

-
]

Fig. 7 PWM and signal generation via ISVM strategy in simulink

7. Induction Machine Control System

This is a control scheme that includes a VSMC in series
with motor loads. This setup was used to study the
performance of an induction motor with V/F speed control. In
the simulation, the regulation of motor speed was assessed
using two different modulation types: CSVM and ISVM in the
V/F control. Among the various speed control techniques of
the induction motor, such as pole changing, variation of
supply frequency, rotor resistance control, stator voltage
modulation, constant V/F control, and slip recovery control,
the closed-loop constant V/F control method is widely used
because of its simplicity and effectiveness, as well as its
practical feasibility. In this method, the motor speed was the
main control variable. A proportional-integral controller was
used to receive an error signal generated from this. This
controller produces a motor drive signal that will bring the
motor speed back to the desired value (negative feedback).
The controller also calculates a summary of the voltage
components of the d-q reference frame, which is used in the
space vector modulation scheme.

Table 1. Simulation parameters of the very sparse matrix converter and
induction motor parameters

Parameter Value
Vims 220V
IM Rating 3.73 KVA, 350 V, 50 Hz, 2p
Ry, L [1.115Q , 0.005974H]
Rg,Lr [1.083 0.005974]
Lum 0.2037 H
J 0.02 N-m

A constant value is provided by dynamically changing the
reference voltage and frequency, and keeping the V/F ratio
constant to maintain a constant magnetic flux and ensure a
stable production of torque in the motor. The proposed method
was evaluated under both no-load and load conditions to
confirm its efficacy in sustaining a constant speed and

managing the performance of the motor used. Table 1
summarizes the simulation parameters applied to the VSMC
and induction motor.

7.1. V/F Control of Three-Phase Induction Motor

The magnetic field produced in the stator winding of an
induction motor is responsible for torque production. There is
a direct proportionality between the applied stator voltage and
the product of the stator flux linkage and the angular velocity
of the rotating field. Thus, the stator flux is proportional to the
ratio of the applied voltage to the supply frequency. The
voltage and frequency must be changed in the same
proportions to ensure a constant flux throughout the operating
speed range. By maintaining this ratio, the motor can maintain
an almost constant torque. This is the principle underlying the
most popular step in induction motor speed control, that is, the
constant volts-per-hertz (V/F) control strategy [32, 33]. The
torque generated by an induction motor is, in practice, directly
linked to the V/F ratio. Therefore, the constant-V/F method is
efficient and simple for industrial motor drive applications; by
maintaining a constant ratio of voltage to frequency, the motor
can output a constant torque over a broad range of frequencies.

7.2. Induction Motor Drive Simulation

The closed-loop V/F speed control of an induction motor
driven by a VSMC, employing CSVM and ISVM modulation
as shown in ‘Figure 8’, makes use of a Very Sparse Matrix
Converter and CSVM and ISVM modulation. In this system,
the reference speed (wr*) is compared with the actual rotor
speed (wr) measured by a speed calculator by using
position/speed capture techniques. The resulting speed error is
then fed to a Proportional-Integral controller, which then
produces the required slip frequency (wsip) for speed control
of the motor. The measured rotor speed (n) was used in
conjunction with this slip frequency (s) to work out the stator

supply frequency (f).

Very Sparse
—®| Matrix Converter

Controller (IMC)

Or_| Speed Calculator
based on capture

Fig. 8 System architecture for closed-loop V/F speed control of an
induction motor driven by a VSMC

CSVM/
ISVM

V/Hz
Profile

The V/F profile block guarantees an equal voltage rise in
proportion to the frequency rise, which means that a near-
constant V/F ratio is maintained to provide a constant torque
potential over the entire operational speed range. The voltage
and frequency signals are then used by the CSVM/ISVM
modulation block, which produces the switching signals
required in the very sparse matrix converter. The IMC
amplifies the input signal and converts it to the desired output
voltage and frequency to power the induction motor. This
closed-loop feedback configuration provides stable operation,
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both no-loaded and loaded, and ultimately results in optimum
speed control, better torque performance, and considerable
reduction in harmonic distortion.
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Fig. 9 VSMC Input voltage and current waveforms under CSVM
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Fig. 10 VSMC Source voltage and current waveforms
utilizing ISVM

The simulated waveforms of the input-source voltage and
current of the VSMC in the CSVM are shown in Figure 9. The
voltage profiles were synchronized, sinusoidal, and phase-
shifted by 120°, verifying the proper synthesis of the input
voltage. The existing profiles also exhibited slight distortion
owing to changing events, but they were balanced and almost
in phase with the voltage, which is an indication of a higher
power-factor performance. The total harmonic distortion was
quite small, which proves that the CSVM is effective in
providing a high-quality input current. Figure 10 shows the
Input-Source Voltage and Current Waveforms of VSMC
operating with ISVM. The voltage profiles have sinusoidal,
balanced phase properties similar to those achieved by the
CSVM, and hence power the input side with adequate voltage
control. In comparison, the present profiles are highly
distorted and contain a higher harmonic content than the
CSVM scenario. The currents are balanced, but the overall
quality of the waveform is impaired by the new switching

states and the complicated commutation of the ISVM.
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Fig. 11 Load-Side voltage and current response of VSMC under CSVM
control
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Fig. 12 Output performance of VSMC on load: voltage and current
waveforms

As shown in Figure 11, the load-side voltage and current
waveforms of the VSMC operating under the CSVM
technique are displayed. The voltages were observed to be
three-phase and sinusoidal with negligible distortion. The
successful synthesis of the target load voltage is evidenced by
the amplitude and phase shift values. The currents were mostly
sinusoidal, balanced, and smooth with less harmonic
distortion.

This performance results in less torque ripple and steady
motor operation, thus proving the effectiveness of CSVM for
speed control of induction motors. As presented in 'Figure 12',
the load-side waveforms simulated for the VSMC operating
with the ISVM method reveal quasi-sinusoidal output voltages
with observable switching ripples. This is a sign of the
switching transitions of the ISVM. Although switching ripple
is present in the voltage signals, the load currents are balanced,
which are nearly sinusoidal and have a higher amplitude than
those of the CSVM. This implies that the ISVM can boost the
existing drive capability at the cost of voltage quality.
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Fig. 15 Dynamic torque response of V/F controlled induction motor to
speed and load fluctuations

As illustrated in Figure 13, a simulation of the DC-link
voltage characteristics of the VSMC is presented, showcasing
its behavior under both CSVM and ISVM. In both instances,
the DC-link voltage was maintained close to its nominal value,
signifying consistent converter operation. The CSVM was
slightly lower in the DC-link compared with the ISVM, which
was better in terms of voltage utilization capability when it
was controlled by the ISVM. The two modulation techniques
were found to stabilize rapidly after the transient phase,
confirming that they are relevant to the dynamic operating
conditions. Figure 14 shows the dynamic speed response of
the induction motor running with a VSMC that contains
CSVM and ISVM strategies. This is the response of the motor

to step changes in the reference speed and load torque.
Notably, the motor's speed went up to the reference value of
157 rad/s at t=0s and stabilized in approximately 0.3 seconds.
Both modulation schemes were able to track the reference
speed. A sudden change in the load torque to 3 Nm occurred
at t=1s. The motor was given a small bump in speed, and the
speed was immediately leveled, reflecting the robustness of
the closed-loop PI-controlled V/F scheme. At t=3s, the
reference speed was set to 130 rad/s, and both modulation
methods were able to follow the new command with less than
five overshoots. The ISVM had a smaller transient response
than the CSVM, yet had more oscillations through the
transition, and the CSVM had smoother tracking with fewer
oscillations.

Figure 15 shows a simulated example of the torque
response of the induction motor being fed by a VSMC under
the V/F control scheme when using the CSVM and ISVM
modulation strategies. The torque on the motor is sharp at the
beginning as the motor speeds up to the reference speed. The
ISVM generates a greater peak torque owing to its greater
current driving ability, but the CSVM generates a more
moderate increase. At the approximate time t = 1s, when a load
torque of 3 Nm is introduced, the schemes are changed. The
CSVM was shown to have smoother torque adaptation and
smaller oscillations, whereas the ISVM had greater
oscillations, which were then larger. At t = 3s, the reference
speed was reduced, and the two methods restored torque
balance; however, the ISVM displayed more transient
oscillations than the CSVM.

Table 2. Simulated speed response characteristics of the VSMC-Fed
induction motor using CSVM and ISVM strategies

g = . | o
Parameters| & v 2 v £ s
S @ E ~ : .E —_~ = ~_~ =
PEIEY 38| T | vyl 2l
29| o F 2| 23 S 5
E2| g ST | s- | E- =T
Modulation| = & = o s £
Q ) 12 =
=] A
CSVM 420.2 10.2051| 0.76 | 1.027 | 0.323|26.30
ISVM 457.510.094| 2.40 | 0.382 | 0.155|11.45

Table 2 lists the major dynamic performance parameters
of the induction motor fed with VSMC using two modulation
strategies: CSVM and ISVM. The parameters assessed were
DC-link voltage, dynamic characteristics, and undershoot.
Under the ISVM (457.5 V) as compared to the CSVM (420.2
V), the DC-link voltage was greater, which is an indication
that the input supply was better utilized. The rise time of the
ISVM (0.094 s) was much less than that of the CSVM (0.2051
s), which is the acceleration to the desired speed. However, the
ISVM had a high peak overshoot (2.40%) compared to the
CSVM (0.76%), indicating more oscillation among the
transient conditions. Similarly, the ISVM has a lower peak
time (0.382 s) and settling time (0.155 s) as compared to 1.027
s and 0.323 s, respectively. CSVM showed a higher value in
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terms of undershoot (26.30% as compared to ISVM 11.45%)), Overall, the results indicate that the presented ISVM
which means that ISVM provided better recovery during  approach can provide a more powerful and efficient control
drops in speed. These performance indicators are graphically solution for VSMC-fed Induction Motor (IM) drives and is
compared in Table 2, and the shortcomings of each strategy well-suited to be implemented in high-performance industrial
are shown in relation to the others. The bar chart vividly applications where fast response time and optimum utilization
reveals that the ISVM has a better speed dynamic, which is of the voltage are essential. The findings of this study
characterized by a higher rise and settling time, but the CSVM contribute to the optimization of modulation techniques in the
has better transient dynamics characterized by small implementation of advanced motor-drive systems and suggest

overshoots and smooth transients. a way to achieve more efficient operation and dynamic control
in industrial applications. Future studies may consider
8. Conclusion experimental validation of these simulation results and the

This study focused on the performance characteristics of inclusi.on of adaptivg coptrol algqrithms further to improve the
an induction motor fed by VSMC and the effect of CSVM and operation of ISVM in different circumstances.
ISVM on its performance in a V/f-controlled induction motor
drive. A thorough simulation analysis was performed, and ~ Conflicts of Interest
unique performance profiles for each modulation strategy “The author(s) declare(s) that there is no conflict of
were identified. The indirect space vector modulation method  interest regarding the publication of this paper.”
exhibited a better dynamic response with significantly shorter
rise and settling times, reduced undershoot, and improved DC- Funding Statement
link voltage utilization. Conventional space vector modulation The authors received no specific grants from any funding
exhibited smoother transient operation but with a similar low  ggency in the public, commercial, or not-for-profit sectors.
undershoot performance.
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