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Abstract. This paper evaluates the performance of a unity—voltage-transfer-
ratio Indirect Matrix Converter (IMC) supplying a three-phase induction
motor under hysteresis-based Direct Torque Control (DTC). The objectiveis
to verify whether a unity-ratio IMC (previously validated only for passive
loads) can operate reliably in variable-speed motor-drive applications. The
main contribution is a comprehensive assessment of speed dynamics, torque-
flux regulation, converter voltage behavior, and transient response when
driving an 11-kW induction machine. A complete MATLAB/Simulink model is
developed, incorporating an AC/AC boost stage, a current-source rectifier, a
clamp and braking circuit, and a voltage-source inverter governed by
hysteresis DTC with an outer-loop Pl speed controller. The procedure
involves no-load tests and step-load disturbances at multiple operating
frequenciesto evaluate steady-state performance and dynamic behavior. The
results show that the IMC maintains a stable fictitious DC-link voltage,
generates balanced output voltages, and achieves sinusoidal input currents
with controllable power flow. The motor exhibits smooth acceleration, slip
between 0 and 0.98%, and torque-recovery times of approximately 0.43-0.54
s after load perturbations. These findings demonstratethat the unity-ratio IMC
is suitable for high-performance induction-motor drives and provide a

foundation for future research on enhanced AC/AC convertertopologies.

1. INTRODUCTION

Advancesin electrical energy conversion
demand efficient and compact control systems
for induction motors. Induction motors remain
prevalentacross industrial applications because
of their inherently simple design, minimal
servicing requirements, and high operational
reliability. For optimal performance, they
require precise speed control with variable
voltage and frequency supply [1], [2], [3], [4].
Motor speed control is commonly achieved
using AC-DC-AC inverter system (VSD);
however, they suffer from drawbacks such as
large DC-link capacitors, reduced reliability,
and increased harmonic distortion that degrades
power quality [5], [6].

Hironimus et al. (2024) reported that
three- phase induction motors serve as the
primary drives in industrial systems such as
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mining conveyorsand are typically controlled by
conventional AC—DC-AC variable speed drives.
This indicates that improving motor drive quality,
particularly  through AC-AC conversion
technologies such as the Indirect Matrix
Converter, can potentially enhance efficiency
and power quality in industrial applications [7].
Literature studies show that VVenturini modulation
is the fundamental technique in matrix converters,
serving as an AC—-AC converter without a DC
link.  With technological progress,matrix
converters have evolved into Indirect Matrix
Converters (IMC), Sparse IMC, and Ultra-Sparse
IMC, along with advanced topologies such as Z-
source, multilevel, and multiphase converters.
Modern modulation strategies, including space
vector modulation and indirect SVM, have been
developed to improve voltage transfer ratio,
efficiency, and system reliability. Therefore,
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research on matrix converters continues
actively, with Venturini modulation remaining
the foundation for next-generation AC-AC
converter innovations [8].

Mentari et al. demonstrated the
capability of the Direct Matrix Converter
(DMC) employing Venturini modulation to
achieve speed regulation of a three-phase
induction machine through both simulation and
experimental validation. The system produced
rotational performance consistent with
induction motor theory and maintained good
power quality at the fifth and seventh
harmonics, although the third harmonic
remained relatively high. Their later work
further validated these findings by applying an
Indirect Space Vector Modulation (ISVM)
based matrix converter in a closed-loop system,
achieving stable AC-AC frequency and
amplitude control withouta DC link using a PI
controller [9].

Zaen et al. demonstrated that combining
Space Vector Modulation (SVM) with Sliding
Mode Control (SMC) enhances transient
performance of induction motors by lowering
overshoot to 0.50% and reducing settling time
t0 0.05 seconds, surpassing conventional matrix
converters. These findings highlight Venturini-
based DMC as the core foundation for modem
modulation and control developments in
induction motor drives [10]. Conversely, the
Indirect Matrix Converter (IMC) has emerged
as an advanced alternative that overcomes the
inherent restriction of the DMC, particularly its
peak voltage transfer capability limited to
0.866.

Jahangiri and Radan [11] proposed a
modified IMC topology incorporating an
AC/AC boost chopper to achieve a unity
voltage transfer ratio without additional
reactive elements or complex control
techniques, while maintaining key advantages
such as controllable input power factor,
sinusoidal current, and bidirectional power
flow. Simulation and prototype results showed
strong voltage boosting while maintaining
system integrity. Overall, prior studies highlight
the progression of matrix converter technology
from basic Venturini modulation toward the
IMC as a more advanced AC-AC conversion
approach.

This study is motivated by the main
limitation of conventional matrix converters,
namely the maximum voltage transfer ratio of
0.866, which prevents the output voltage from
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reaching the full input level [11], [12], [13], [14].
To overcome this limitation, the study employs
an Indirect Matrix Converter (IMC) topology
capable of achieving a unity voltage transfer
ratio, as proposed by Jahangiri and Radan [11].
The previous study evaluated the IMC only under
a static load composed of a 5 mH inductor and an
8 Q resistor, without validating its use in a
variable-speed three- phase induction motor
drive. This leaves a gap in understanding how a
unity-ratio IMC performs in VSD applications,
particularly in motor speed dynamics, power-
transfer efficiency, and output-voltage quality.

Thisstudy analyzesthe performance of the
Indirect Matrix Converter (IMC) with a unity
voltage transfer ratio for driving a three-phase
induction motor, using detailed modeling and
simulation, and compares the results with
established motor characteristics. The main
contribution is a comprehensive assessment of
the unity-ratio IMC in Variable Speed Drive
applications, emphasizing dynamic response,
power conversion efficiency, and output voltage
quality, aspects that have not been quantitatively
addressed in earlier studies.

2. LITERATUREREVIEW

2.1. Matrix Converter

A matrix converter is an AC-AC
conversion topology that provides a direct
linkage betweenathree-phase source and a three-
phase load with fully controllable output
frequency and amplitude, while eliminating the
need for a DC-link rectification stage. By
eliminating the need for DC-side capacitors,
matrix converters offer boosted power density, a
smaller form factor, and better reliability than
classical AC-DC-AC converters.

A conventional matrix converter consists
of nine bidirectional power switches arrangedin a
3x3 switching structure, allowing any of the
three output phases (A, B, and C) to be linked to
any of the three input phases (a, b, and c), as
shown in Figure 1 below. Beyond offering
independent control of the output voltage
magnitude and frequency, the MC supports
reverse power transfer, generates nearly
sinusoidal waveforms at both the input and
output, and enables input power-factor
regulation. These capabilities make it well suited
for three-phase induction motor drives and
modern industrial applications that demand high
efficiency and performance [15].
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Two primary configurations exist
within the matrix-converter family, namely
the Direct Matrix Converter (DMC) and the
Indirect Matrix Converter (IMC). A DMC
uses a 3x3 matrix of nine bidirectional
switches for direct input—output connection,
while an IMC relies on a virtual DC stage
without capacitors, making it easier to
implement and control. Other variants,
includingsparse andultra sparse IMCs as well
as Z-source and quasi Z-source matrix
converters, have been introduced to improve
voltage transfer capability and efficiency [16].
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Figure 1. Block diagram of the three-phase
matrix converter drive system

In induction motor drive applications,
matrix converters offer an attractive altemative
to rectifier—inverter based variable frequency
drives. They can produce sinusoidal output
currents and support full regenerative operation,
making them suitable for high-efficiency and
dynamic drive systems. The absence of a DC
link also enhances reliability for critical
industrial applications, particularly — where
power quality and power density are key
requirements. [15]. The use of matrix
converters in induction motor drives is
supported by their capability to regulate both
the output-voltage frequency andits magnitude,
allowing precise adjustment of motor speed and
torque. Modulation techniques such as
Venturini modulation and Space Vector
Modulation (SVM) are employed to produce
smooth waveformsand achieve voltage transfer
ratios of up to approximately 0.866 for
conventional matrix converters [16].

2.2. Indirect Matrix Converter

Recent IMC topologies incorporate
additional switching stages that enable AC—
AC voltage boosting without the need for
inductors or large capacitors. These
developments allow the converter to achieve a
unity voltage transfer ratio while maintaining
system integrity and high-quality output

waveforms. [11]. Recent decades have seen the
developmentof various modulation strategies for
controlling matrix converters, traditionally
referred to as Direct Matrix Converter (DMC). In
this context, the terms Matrix Converter and
DMC are used interchangeably. More recently,
the Indirect Matrix Converter (IMC) has gained
prominence, offering the same input—output
performance as the conventional converter while
employingasimplerand morepractical topology
[17].

The IMC architecture comprises two
principal conversion stages: an input-side
converterand anoutput-sideconverter. The input
stage functions as a three-phase—to— single-phase
matrix rectifier formed using six bidirectional
switching devices, and it operates in a current-
source rectification mode that shapes the input
currents toward sinusoidal profiles while
generating a regulated average fictitious DC-link
voltage. This intermediate voltage reflects the
“fictitious DC-link’ principle introduced by
Rodriguez and later refined by Holtz and
Boelkens, who transformed the original DMC
switching arrangement into the indirect topology
that defines the IMC [17].

On the load-side stage, a traditional three-
phase voltage-source inverter is adopted,
comprising six unidirectional semiconductor
switches responsible for shaping the output-
voltage waveforms. Together, the two stages
employ thesame total numberofactive devices as
a direct matrix converter, yet the IMC is
considerably easier to implement because
standard inverter modules can beusedonthe load
side, and the number of active switches on the
source side can be reduced to three when
bidirectional power flow is not required [17].

The Indirect Matrix Converter (IMC)
offers several compelling advantages over
conventional conversion topologies (AC-DC-
AC). Discarding the bulky DC-link capacitor
enables the IMC to deliver a higher power
density, reduced system size and weight, and
improved reliability under high-temperature
conditions. In addition, IMCs support sinusoidal
input and output waveforms, bidirectional power
flow, andcontrollable input power factor, making
them highly suitable for dynamic motor-drive
applications and critical industrial systems [18],
[19].
2.3. Hysteresis-Based Direct Torque Control
for Three-Phase Induction Motors
Hysteresis-based Direct Torque Control



Electrician : Jurnal Rekayasa dan Teknologi Elektro  Vol.20 No. 02

Hidayat ez a/

e-ISSN:2549-3442  Author W.C.

(DTC) of a three-phase induction motor is a
method in which the stator flux linkage and
electromagnetic torque are estimated in the
stationary o-B reference frame and then
comparedwith their respectivereference values
using hysteresis comparators for both flux and
torque. The resultingerror signals are processed
by a switching table that directly selects the
inverter voltage vector to maintain the flux and
torque within their predefined tolerance bands.
This approach provides very fast dynamic
response and eliminates the need for
coordinate-transformation-based regulators or
inner current-control loops [20].

In the context of a three-phase induction
motor drive, this hysteresis-based DTC scheme
exploits the direct link between stator vo ltage
vector selection and motor electromagnetic
behaviour: the stator flux vector is obtained by
integrating the input voltages minus stator
resistive drop, and torque is computed from the
cross-product of estimated flux and stator
currents. When either torque or flux leaves its
hysteresis band, the controller chooses a new
voltage vector from the inverter to bring them
back—thereby achieving direct torque and flux
regulation via hysteresis control [21].

3.  RESEARCHMETHODS

This paper demonstrates the proposed
system through modelling and simulation in
MATLAB/Simulink. The case study considers
a variable-speed drive for an 11-kW, 400-V,
50- Hz three-phase induction motor supplied
by an Indirect Matrix Converter (IMC)

controlled using hysteresis-based Direct Torgue
Control (DTC). The reference speed can be
adjusted according to the desired operating
frequency, allowing the motor to operate over a
wide range of speeds and load conditions.

3.1. Modeling of a Variable-Speed Drive

Using an Indirect Matrix Converter

The grid source is modeled as a three-
phase 400-V, 50-Hz equivalent feeding the
Indirect Matrix Converter (IMC) through
measurement interfaces. The IMC comprises
two main stages. The line-side converter
functions as a current- source rectifier using six
bidirectional switches arranged in a three-
phase—to-single-phase configuration. Its gating
signals are provided by a 10-kHz PWM
Generator operating in 3-arm bridge mode,
with an internally generated modulating signal
and adjustable modulation index to shape
sinusoidal input currents and sustain the
fictitious DC-link voltage.

The load-side converter is a three-phase
voltage-source inverter built from six 1GBTs
with antiparallel diodes. Its switching states are
determinedbya hysteresis-based Direct Torque
Control (DTC)algorithm, which selects voltage
vectors to regulate the stator flux and
electromagnetic torque of the induction motor.
A braking chopper and resistor stabilize the
virtual DC link duringregenerative events. The
full IMC-DTC drive is implemented in
MATLAB/Simulink with a 5-ps time step to
capture switching transients and motor
dynamics.
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Figure 2. Overall topology of the proposed IMC-based AC-AC drive system, consisting of an AC/AC
boost chopper, a threephase—to—single-phase line-side matrix converter, aclamp circuit with braking
chopper, and a three-phase voltage-source inverter supplying an induction motor.
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Figure 2 illustrates the complete
architecture of the IMC-based drive system,
showing the AC/AC boost chopper, the line-
side matrix converter, the clamp and braking
circuits, and the load-side voltage-source
inverter feeding the three-phase induction
motor. The figure highlights the separation of
gating strategies, where the PWM generator
supplies the six pulses for the line-side
converter, while the DTC controller determines
the switchingsequenceofthe load-side inverter.

through a first-order discrete integrator that
accounts for the stator resistance. The flux
magnitude and position are computed using the
hypotenuse function (hypot) and the four-quadrant
arctangent (atan2), respectively. The
electromagnetic torque is then evaluated using the
classical DTC expression based on the (id, iq)
current components and the estimated stator flux.

Table 1. Technical Specifications of the Three-
Phase Induction Motor

Parameter Symbol Value Unit
3.2. Three-phase Induction Motor and Load Rated Power Pn 11.000 W
Modeling Line Voltage
The load used in this study is an 11-kW, (rms, L-L) Vi 4007V
400-V three-phase induction motor modeled Frequency fn 50| Hz
using  manufacturer equivalent motor Pole Pairs p 2 -
parameters. The load torque is applied through Stator R
: _ s 0.78 Q
the Load Torque block as a torque profile, Resistance
allowing both no-load and loaded operating Rotor
conditions to be simulated. The mechanical Resistance Rr 0.40 Q
speed is measured in rad/s and converted to (referred)
RPM for evaluating the drive’s speed Stator Leakage L 5 5x10° ;
performance. Inductance ~
. . Rotor Leakage
3.3. Architecture of the Direct Torque Inductance Lir 2.5%10° H
Control (DTC) Method (referred)
The hysteresis direct torque control Magnetizing
scheme is structured around three major Lm 0141 H
_ Inductance
components: Inertia ] 0.045 | kgm?
3.3.1. Flux & Torque Calculation in Direct |\=/rI|Scth|)c;J: B 0.0035 | N:m:s
Torque Control (DTC) Svnchronous
The three-phase stator voltages (Vas) and Szee i wsyn 157 | rad/s
currents (lanc) are transformed into the q-B Rated Torque T o Nm
reference frame using the Clarketransformation. Nominal =
- i 1.04| Wb
The stator flux components ¢a- ¢ are obtained Stator Flux on
e apol—> I: o e :
Vebe Do | W - hypat ———»{_1 )
Clarke Transform  Lins-io-Phass va phi_mag
K Ta (£#1) Hypolanusa
212-1) L,
éx Stater sard (2 )
R, Resslance i phi_pha
k #/chid Fens-quadract arctangmnl
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Figure 3. Structure of the flux and torque estimation stage in the Direct Torque Control scheme,
including Clarketransformation, stator flux integration, flux magnitude and angle calculation, and
electromagnetic torque computation
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3.3.2. Hysteresis Control in Direct Torque

Control (DTC)

The estimated torque and flux are
compared with their reference values (Te" dan ¢)
using dedicated hysteresis bands. The outputs of
the hysteresis comparators generatebinary control
signals that indicate whether the torque must be
increased or decreased and whether the stator
flux should be strengthened or weakened.

The hysteresis control block regulates the
electromagnetic torque and stator flux by
comparing their instantaneous values with the
respective reference commands. The torque error
er=Te—Te processed using a two-level hysteresis
comparator, which determines whether the torque

needs to be increased or decreased based on its
deviation from the allowable band. Similarly, the
stator flux error €,=¢0"-¢ is evaluated by a flux
hysteresis controller that maintains the flux
magnitude within a predefined tolerance range.
These two comparator outputs form the primary
switching decisions used by the DTC algorithm
to select the appropriate voltage vector in real
time. As a result, the inverter is switched
according to the instantaneous flux angle and the
torque—flux control requirements, achieving fast
dynamic response without requiring current loops
or PWM carriers.

Femr>+
Torque (?onlrol + @ DD |
. e
=5 G
Torque Control - @ T
Flux Control

Figure 4. Hysteresis-based torque and flux control block usedin the Direct Torque Control (DTC)
scheme

In this work, both the torque and flux
hysteresis bands are setto 8% of their nominal
values, producing a symmetrical control
window of 4% around zero error. The torque
hysteresis thresholds are defined as
+(0.08Tw2), while the flux thresholds are
given by £( 0.08¢n/2). When the torque error
exceeds the upper boundary, the controller
issues a command to increase torque;
conversely, an error below the lower
boundary triggers a torque reduction
command. Thesame logic appliesto the stator
flux comparator.

This hysteresis configuration balances
torque ripple and switching frequency,
ensuring sufficiently smooth control action
while maintaining the fast transient behavior
characteristic of DTC. The combined torque—
flux hysteresisdecisions arethenencoded into
the control order, which directly guides the
optimal switching block in selecting the
corresponding voltage vector for the inverter.
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3.3.3. VSI Switching Block within the Indirect
Matrix Converter
The stator flux angle is used to determine the
corresponding space-vector sector. The sector
information, together with the torque hysteresis
status, is supplied to the Determine Required

Vector block, which is implemented as a two-

dimensional lookup table. This block selects the
optimal voltage vector index according to the
conventional DTC switching table. The selected
vector index is then passed to the Vector-to-Pulses
block, which converts it into the switching pattem
for the three-phase inverter. In the optimal
switching stage, the flux angle estimated in the

previous step is normalized into one of six space-

vector sectors by the Determine Sector block. The
resulting sector index is combined with the torque
control signal generated by the hysteresis

comparator and mapped through the two-

dimensional lookup table to determine the required
voltage vector.
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Figure 5. Sector identification, voltage-vector selection, and pulse generationblock usedin the Direct
Torque Control (DTC) scheme

This mechanism ensures that the inverter
applies the most suitable voltage vector to
maintain the stator flux within the correct
region while increasing or decreasing torque as
commanded. The output of this block is
translated into gate-level switching pulses for
the inverter, enablingthe fast dynamic response
characteristic of Direct Torque Control. The
resulting voltage-vector index is then passed to
the Vector-to-Pulses block, which converts it
into the corresponding gating signals for the
three-phase inverter switches. This stage
ensures thattheapplied voltage vector keeps the
stator flux within the appropriate sector while
increasing or decreasing the electromagnetic
torque asrequired. Consequently, the algorithm
produces an optimal switching pattern, which
underpins the fast dynamic response

characteristic of Direct Torque Control.

3.3.4. Design of the Speed Regulator

In Direct Torque Control (DTC), a speed
control loop based ona Pl regulator is employed to
generate the torque reference. The speed
reference w,¢r is obtained from the VSD input,
where the desired operating frequency is
converted into the corresponding synchronous
speed in rad/s. This reference is compared with the
actual motor speed w,,, producing a speed error
signal. The error is processed by a discrete PI
regulator equipped with anti-windup andupper—
lower torque limits. The anti-windup mechanism
prevents integrator saturation when the torque
command reaches its allowable limits, thereby
maintaining controller stability during transient
conditions and under heavy loading.

|
i

........ epertimd_i Masched | -
= J—| Lima_wep
Limi_wrog

Figure 6. Discrete Pl speed regulator with anti- windup and torque limiting usedto generate the
electromagnetic torque reference in the DTC drive

The PI controller supplies the torque
reference T+ to the DTC block for hysteresis
evaluation. With this configuration, speed
regulation isachieved indirectly through torque
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control: the outer loop (speed) determines the
required torque, while the inner loop (DTC)
fulfills this request by selecting the appropriate
voltage vector. This cascaded control structure is
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widely used in DTC-based motor drives
because it enables fast speed response,
maintains torque within safe limits, and
improves the robustness of the system against
load disturbances.

34. Test Conditions and Measurement
Parameters
The simulation study is conducted under
two principal operating conditions:

e Gradual variations in the reference
frequency or speed, encompassing start-
up to nominal operation, and;

e Load-torque conditions, including both
no- load operation and a constant
mechanical load of 50 N-m.

For each case, the following electrical and
mechanical quantities are captured using scope
and RMS measurement tools:

e Grid-side voltages and currents (vgyig,
igrid)-

e Fictitious DC-link voltage (v¢qo).

e stator voltages and currents (Vgpe Lape)-

e measured rotor speed in rpm (M yeas)-

The recorded data are analyzed to evaluate
the dynamic speed response, voltage regulation,
and output characteristics of the unity-ratio
Indirect Matrix Converter when supplying a
DTC-based induction motor under varying
operating conditions.

4. RESULTS AND DISCUSSION

4.1. Performance Evaluation Under No-
Load Condition

Table 2 presents the no-load characteristics
of the induction motor under several operating
frequencies. The line-to-line output voltages
increase proportionally with the applied
frequency, indicating that the V/f ratio is
preserved. The fictitious DC-link voltage Vi
remains nearly constant at approximately 647—
648 V for all test points, confirming stable unity—
voltage-transfer operation of the IMC across the
tested range.

Table 2. No-Load Test of the Induction Motor

f Vab Vac Vbc Vfdc I s(rms) nsync Nmeas tss S| Ip
Hz)| (V) V) (V) (V) (A) | (rpm) | (rpm) (8) (%)
10 203.4 203.4 203.4 648.03 | 5.73 300 300 0.503 0.00%
25 320.8 320.9 3209 | 647.94 | 5.73 750 750 1.251 | 0.00%
50 453.7 454.0 454.1 647.65 | 5.75 1500 1500 2.501 0.00%
60 497.3 497.1 497.1 647.56 | 5.75 1800 1800 3.005 0.00%
Table 3. Measured Characteristics of the Induction Motor Under 50 N.m Step-Load Torgue att=3s
f Vab Vac Vbc Vfdc Is(rms) nsync Nmeas tss tss—step Sllp
Hz)| (V) V) V) V) (A) [ (rpm) | (rpm) | (5) | () | (%)
10 246.5 234.5 242.6 637.64 | 14.7 | 300 300 |0.503( 0.485| 0.00%
25 338.2 327 338.4 625.89 | 145 | 750 750 |1.251( 0.541|0.00%
50 452.7 456.3 450.1 605.17 | 14.6 | 1500 | 1500 | 2.501( 0.429| 0.00%
60 484.2 488.9 488.9 596.90 | 14.7 | 1800 | 17824 3 - 0.98%
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Figure 7. Sample of gatmg S|gnals captured from 2. 4985 S to 2 5015 S. The left traces (S1 MC-S6 MC)
show the carrier-based PWM pulses driving the line-side matrix converter, while the right traces (S1
Inv—S6 Inv) display the hysteresis-based DTC switchingcommands for the load-side inverter.
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The stator current Iys, defined as the
averaged RMS current of the three stator
phases, remains within 5.73-5.75 A for all
frequencies. This aligns with the expected
behavior of an induction motor under no-load
conditions, where the magnetizing current
dominatesand remains relatively insensitive to
frequency variations when V/f is maintained.
The measured speed n,.,s Matches the
synchronous speed ngy,. at each operating
frequency, resultinginaslip of 0.00%, whichis
typical for no-load operation in an ideal
simulation environment with  negligible
mechanical losses. The settlingtime t ¢ defined
as the time required for the motor to reach
steady-state speed from standstill, increases
with the target operating frequency. At 10 Hz
the motor reaches steady-state in approximately
0.503s, whereasat60 Hzitrequires about 3.005
s. This increase reflects the longer acceleration
interval requiredto achieve higher final speeds.

Overall, the results demonstrate that the IMC-
driven DTC system maintains stable voltage,
minimal slip, and predictable speed response
under no- load conditions. The Figure 8 illustrates
the dynamic response of an induction motor drive
based on an Indirect Matrix Converter (IMC)
controlled by Direct Torque Control (DTC) under
no-load operation ata 10-Hz reference frequency.
Several subplots are presented, showing the input
voltage and current, the fictitious DC-link voltage,
the filtered stator voltage and current, and Figure
9illustrates the rotor speed over a 0—5 s simulation
window. At the Figure 8, the three-phase grid
voltage (Vgia) appears balanced and sinusoidal,

followed by low-amplitude grid currents (igia) that
reflect the light loading of the IMC under no-load
conditions. The fictitious DC-link voltage (V)
exhibits a stable switching pattern with a constant
average level, confirming proper energy
conversion on the converter input side.

Figure 8. Waveforms of the IMC-DTC induction motor drive under no-load operation at 10 Hz,
showing grid-side voltages/currents, fictitious DC-link voltage, filtered stator voltages/currents, and
rotor speed reaching 300 rpm.

n_rel (RFM) |
n_maas [RPM)

o 0.5 : 1.5 2

a 35 4 45

Figure 9. Speed reference and measured rotor speed of the IMC—-DTC induction motor drive during
no-load operationat 10 Hz
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The rotor settles at approximately 300
rpm, resulting in a slip of 0.00%. The
subsequent subplots display the low- pass-
filtered stator voltage (Vanc), which shows an
initially transient waveform before settling
into a steady sinusoidal shape. The stator
currents  (iac)  remain  very  small
(approximately 5-6 A), consistent with an
unloaded induction machine. At the Figure 9,
the rotor speed n(t) rises linearly during the
initial acceleration phase and reaches the
synchronous value of about 300 rpmatt = 0.5
s, after which it remains steady. This indicates
thatthe speedloopand DTC algorithm regulate
the machine effectively in the absence of load
torque. Overall, the figure demonstrates a
stable low-frequency response of the IMC-
DTC drive, characterized by balanced

waveforms, low stator current, and smooth
acceleration during no-load operation.

Evaluation of Motor Performance Under
Step-Load Torque

The subsequent test assesses the induction
motor’s performance under a steady load torque of
50 N-m, followed by an additional step load
introduced att = 3s. The results of this test are
summarized in Table 3 on the preceding page. The
line-to-line output voltages ( Vg, Ve Vo
increase with operating frequency, while the
fictitious DC-link voltage V¢4, remains within a
narrow range (596-638 V), indicating that the
Indirect Matrix Converter maintains a consistent
voltage-transfer ratio under loaded conditions.

42.

Figure 10. Waveform responses of the IMC— DTC inductionmotor drive at 60 Hz under a50 N-m load.
The plots show grid voltage, grid current, fictitious DC-link voltage, filtered stator voltages and
currents

The stator RMS current [rms remains
approximately 14.5-14.7 A for allg operating
frequencies. This is expected because the
electromagnetic torque required to counter the
50 N.m load is primarily determined by the g-
axis component of the stator current, which
remains relatively constant regardless of
operating frequency. The measured motor
speed n,e.s matches the synchronous speed for
10, 25, and 50 Hz, resulting in zero slip under
simulated no-loss conditions. At 60 Hz, the
measured speed is 1782.4 rpm, corresponding
to a slip of approximately 0.98%, which is
consistent with the increased load at higher
speed. The settling time from standstill, tg
increases proportionally with the target
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operating speed, ranging from 0.503 s at 10 Hz to
3.0 s at 60 Hz. The additional parameter t,.
step Captures the transient response following the
torque step at t = 3 s. The motor demonstrates
rapid recoveryacross all frequencies, with settling
timesbetween 0.429and0.541s, except for 60 Hz
where the system is already in steady-state
immediately prior to the step application.
Overall, the results confirm that the IMC—
DTC system maintains stable current, acceptable
slip, and predictable transient behavior under load
torque disturbances. Figure 10 illustrates the
response of the induction motor drive employing
the IMC— DTC scheme when operated at 60 Hz
under a steady-state load torque of 50 N-m. The
grid voltage and current (Vyig, I grig)eXhibit clean
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sinusoidal profiles, indicating proper operation
of the input-side converter and a well-
maintained power factor. The fictitious DC-link
voltage (V¢qc) remains nearly constant, with
minor ripple attributed to the switching action
of the IMC. The low-pass-filtered stator voltage
(Vape) and stator current (14,.) show balanced

three-phase waveforms following the initial
transient. The stator current amplitude is
noticeably higher than in the no-load condition,
which is consistent with the torque demand of 50
N-m at60 Hz.
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Figure 11. Rotor-speed response of the IMC— DTC induction motor driveunder 60 Hzand50 N-m
load: the measured speed converges to~1782 rpm (=0.98 % slip relative to the 1800 rpm
reference)

Figure 11 shows sinusoidal waveforms
with the rotor speed converging to about 1782
rpm, corresponding to a slip of nearly 0.98%,
which is characteristic of an induction machine
under moderate load. The steady-state speed is
reached atabout t~ 3 s, and the system remains
stable thereafter. Overall, the results confirm
that the unity-ratio IMC with DTC control
maintains balanced stator voltages, regulates
current according to the torque requirement,
and delivers stable speed regulation even under
a 50 N-m torque load.
5. CONCLUSION
This study evaluated the performance of
an Indirect Matrix Converter (IMC) with a unity
voltage transfer ratio for driving a three-phase
induction motor under a hysteresis-based Direct
Torque Control (DTC) scheme. The
MATLAB/Simulink model developed in this
work shows that the IMC is able to maintain a
stable fictitious DC-link voltage over a wide
range of operating frequencies produce
balanced output voltages, and ensure sinusoidal
input currents with a controllable power factor.
Under no-load conditions, the motor
reached its synchronous speed with zero slip
and exhibited a consistent magnetizing current.
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When subjected to a 50 N-m torque load, the
system demonstrated behavior consistent with
induction motor theory, including slip values
between0-0.98 percent and smooth acceleration.

The transient response to torque
disturbances showed recovery times of
approximately 0.43 to 0.54 seconds at most
operating points, indicating good dynamic
characteristics and stable torque—flux regulation.
Overall, the results confirm that a unity-ratio IMC
is suitable for variable-speed drive applications
and provides a compact, efficient, and reliable
alternative to  conventional AC-DC-AC
converters with DC- link capacitors. For further
development, future work is recommended to
evaluate IMC performance under dynamic,
nonlinear, and regenerative load conditions to
assess the robustness of the clamp circuit and
braking chopper. Additional improvements may
include the implementation of more advanced
control strategies such as Space Vector Modulated
matrix converter control, predictive control, or
adaptive hysteresis techniques to reduce torgue
ripple and improve switching efficiency.
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