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This research introduces a single-stage direct three-phase matrix converter
that utilizes the signals from the output voltage for designing pulse-width
modulation signals. This converter is made up of nine bidirectional switches
that use IGBT power diodes. It directly converts a steady three-phase source
voltage and frequency into a variable output voltage and frequency by

adjusting the frequency and modulation index of the pulse-width modulation

(PWM) signals. A mathematical model is utilized to illustrate the basic
Keywords: principles of the matrix converter before examining its operational waveform.
AC to AC converter An eyaluation is then made between the.analytical waveform_s and the
. functional waveforms, as well as the harmonics generated by the direct three-
Dlre(;t AC-AC converter phase matrix converter. The results from both methods and processes are
Matrix converter displayed in close agreement. Additionally, this paper discusses V/f control
PWM converter for induction motor drive control using this converter.
PWM generation
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1. INTRODUCTION

The matrix converter (MC) was primarily introduced by Gyugyi and Pelly in 1971 and 1976 [1], [2].
By 1980, the concept was further developed into a mathematical model by Alesina and Venturini [3], as well
as Ziogas et al. [4]. The objective of using the MC was to eliminate the DC link, typically crucial in inverter
circuits. These ideas were further explored by Alesina and Venturini [5], also Ziogas et al. [6]. Lately, the
three-phase matrix converter has attracted considerable interest for its lack of a DC link capacitor and its
capability to regulate bidirectional power flow. Applications of the matrix converter in telecommunication
systems are discussed in [7], highlighting its advantage of omitting a capacitor in the circuit and its impact on
power flow. Simulation using MATLAB/Simulink, presented in [8], demonstrated SVM algorithms for passive
loads. The Venturini method was selected to control and evaluate the performance of the apparatus. The matrix
converter was regulated to provide a three-phase output with adjustable voltage and frequency [9]. The result
[10] presents four algorithms for the three-phase matrix converter using MATLAB/Simulink, comparing
harmonic distortion in voltages and currents. Additionally, Heris et al. [11] introduced the three-phase cyclo-
converter using PSCAD/EMTDC software for load testing, demonstrating the effectiveness and achievements
of the proposed circuit. A pulse-width modulation (PWM) method for a matrix converter circuit with a three-
phase source input and five-phase variable output voltage and frequency is proposed [12].

The sophisticated pulse-width modulation control method is founded on the space vector principle.
Another work proposes an indirect matrix converter (IMC) circuit with dual three-phase outputs and a carrier-
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based pulse-width modulation method that provides dual three-phase supplies for two three-phase loads [13].
A space vector control principle has been designed for a three-to-seven-phase matrix converter, enabling the
direct conversion of a three-phase input voltage and frequency into a seven-phase output with variable voltage
and frequency [14]. The three-phase neutral point clamped (NPC) matrix converter structure is developed using
space vector modulation without Park transformation [15]. Furthermore, FPGA technology is applied for PLL
synchronization and SVPWM modulation, abbreviating the dependence on microcontrollers and parallelizing
the process [16]. Carrier-based space vector modulation for matrix converters, utilizing indirect transfer
function access, is used for controlling the matrix converter, as presented in [17]. The three-phase phase-
modular isolated indirect matrix-type Y/A PFC rectifier (IM Y/D rectifier) is analyzed and operated with the
ZVS technique to minimize overall losses in a SIC MOSFET-based prototype rectifier [18]. The pulse-width
modulation control of a three-phase matrix converter, achieving lower voltage harmonics and the target output
voltage, is demonstrated by selecting appropriate switching patterns and generating duty cycles using the
MATLAB/Simulink program [19]. The topology of a three-phase matrix converter without DC energy storage
for power flow control and compensation of deep voltage sags and swells is presented in [20].

Shinde and Date [21] discuss the direct three-phase AC-AC matrix converter with bidirectional power
control for inductive power transfer (IPT) systems, including controller design techniques, simulation analysis,
and experimental results for an inductive battery charging system. A new six-phase to three-phase multilevel
matrix converter (6x3 MMC) principle is suggested in [22], featuring two series-connected current source
rectifiers (CSRs) on the input side and a three-level T-type inverter on the output side, using a carrier-based
pulse-width modulation (CB pulse-width modulation) technique. Modulation strategies based on mathematical
construction for a three-to-five-phase matrix converter (3x5 MC) are presented, offering reduced
computational complexity compared to traditional space vector modulation, with verification through
simulations [23]. The pulse-width modulation signals in a bidirectional isolated AC-DC matrix converter
(BIMC) can adjust the phase shift angle and pulse width for both the front-stage matrix circuit and the back-
stage full-bridge circuit. The power factor is close to unity, and the load dynamic response is fast, as shown in
simulation results [24]. A three-phase to single-phase direct matrix converter is demonstrated, showing output
voltage frequency variation with switching frequency changes in pulse-width modulation signals through
simulation [25]. Additionally, a three-phase matrix converter (MC) for wireless power transfer (WPT) is
proposed, with an improved modulation strategy to reduce total harmonic distortion (THD) of the supply
current in both resonant and non-resonant states. The practicality and effectiveness of the proposed modulation
strategy are confirmed by experiments [26].

The high-frequency link three-phase (HFLTP) AC-DC converter consists of a matrix converter on
the AC side and a full-bridge converter interconnected via a high-frequency transformer to the loads, utilizing
the SVPWM technique for soft-switching and soft commutation, with clear results [27]. In the previously
mentioned articles, signal comparisons were used for PWM generation to control the switches. This paper
focuses on PWM generation using output voltage signals to control the bidirectional switches in a three-phase
matrix converter circuit. The number of the output voltage pulses can be determined by 3n (n =1, 2, 3, ...).
This method can effectively reduce the harmonic output voltage by increasing the number of pulses. The
harmonic orders can be determined by the lower and higher harmonic orders, as well as their reduction with
the number of pulses. This study emphasizes the concept of the 6-pulse three-phase matrix converter using
mathematical equations and its implementation through theoretical waveforms. It allows for varying output
frequencies and voltages by modifying both the frequency and modulation index of the pulse-width modulation
signals, providing useful reference data for various applications, including V/f control of induction motor
drives. Moreover, these bi-directional switches are easy to control, making them suitable for direct conversion
and various applications. On the contrary, the switching losses in these switches are a disadvantage.

2.  THE THREE-PHASE PULSE-WIDTH MODULATION MATRIX CONVERTER PRINCIPLE

The three-phase PWM matrix converter is illustrated in Figure 1. It is possible to describe the three-
phase PWM matrix converter using mathematical equations before its implementation takes place. This can be
done through practical and theoretical waveforms as outlined below:

2.1. Atheoretical analysis of the three-phase pulse-width modulation matrix converter [28]-[30]

Figure 1 illustrates the topology of the three-phase pulse-width modulation matrix converter, which
can transform a fixed 3-phase utility into a desirable output voltage and frequency. The Pulse-width modulation
signals can be adjusted to modify the frequency, voltage, and number of pulses, thereby controlling the output
voltage. Additionally, the output voltage of this converter can be adjusted by modifying the voltage, frequency,
and number of pulses using pulse-width modulation signals. Consequently, this converter can be utilized within
a six-port configuration, consisting of 3 pairs of input and output ports. Additionally, the matrix converter (MC)
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is able to be viewed as three independent 3-phase to 1-phase cyclo-converters. The mathematical model for the
distinct MC is provided as part of (1) through (6).

[Vous(wot)] = [V;Cos(w;t), V;Cos(w;t — 120°),V;Cos(w;t + 120°) ]
MCos(w;t)

x |MCos(w;t —120°)| x [Cos(w,t)] 1)
MCos(w;t + 120°)

MV;Cos(w;t)Cos(w;t)
= [MV;Cos(w;t —120°)Cos(w;t —120°)| x [Cos(wot)] 2
MV,Cos(w;t + 120°)Cos(w;t + 120°)

MV;

== [CosRw;t) + Cos(0°) + Cos(Rw;t — 240°) + Cos(0°)
+Cos(2w;t + 240°) + Cos(0°)] X Cos(wpt) 3)
= 2] x [Cos (wo )] )
Vosc(wot)] = [*57] x [Cos(wot ~ 1207)] ©)
Voca(@ot)] = [F57] x [Cos(wot +1207)] (6)
Voas(wot) Cos(wyt)
Vose(wot) | = [@] x |Cos(wot — 120°) ©)
Vocalwot) Cos(wpt +120°)

Where, V45, Vose, Voca@re the line output voltages. M is the modulation indexes. V;are the input voltages.
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Figure 1. The three-phase pulse-width modulation matrix converter showing the proposed power circuit

In Figure 2 presents the equations in graphical format, including the waveforms of (1) through (7).
Figure 2(a) shows the input voltages V;gp,Vipe, and Vi.,, while Figures 2(b) through 2(d) depict the
corresponding switching functions MCos(w;t), MCos(w;t —120°), and MCos(w;t + 120°). Figure 2(e)

illustrates the term MV;Cos(w;t)Cos(w;t), which represents the result derived from the input voltage V. ,
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demonstrated by Figure 2(a) and the switching function presented by Figure 2(b). Figure 2(f) displays the term
MV;Cos(w;t —120°)Cos(w;t — 120°), and Figure 2(g) shows the term MV;Cos(w;t + 120°)Cos(w;t +
120°). The waveforms depicted in Figures 2(e)-2(g) are able to be combined to form (8). The resulting
waveform, a 6-pulse full-wave, is shown in Figure 2(h). This switching function is used to multiply the full-
wave result depicted in Figure 2(i). Figure 2(j) displays the simulation results, while Figure 2(k) presents the
experimental results.

[szi (Cos(Ra;t) + Cos(0°))]
+ [% (Cos2u;t — 240°) + Cos(O"))]

+ [ (Cos (2aw;t + 240°) + Cos(07))] (8)
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Figure 2. The theoretical and practical waveforms obtained from the mathematical equations:

(a) three-phase waveforms, (b) switching functions MCos(w;t), (c) switching functions MCos(w;t —
120°), (d) switching functions MCos(w;t + 120°), (e) two-pulse full-wave MV;Cos(w;t)Cos(w;t),
(f) two-pulses full-wave MV;Cos(w;t — 120°)Cos(w;t — 120°), (g) two-pulses full-wave
MV, Cos(w;t + 120°)Cos(w;t + 120°), (h) six-pulses full-wave, (i) PWM Switching functions,
(j) output waveform Voag from theory, and (k) output waveform Voag from experiment

2.2. A practical of the three-phase pulse-width modulation matrix converter

Figure 1 presents the power circuit of the matrix converter (MC), which includes 9 bi-directional
switches controlled by pulse-width modulation signals S;; — S55. The PWM signals are derived from the pulse-
width modulation signals g, — g¢ and these signals for control as V,;,, V.o Vier Vpar Veq, and V,, via a
multiplexer/demultiplexer circuit. The microprocessor generates the pulse-width modulation signals g, — g,

while the signals for control as V,,,, V., Vper Vpas V..., and V,, are derived from a detector circuit. The width

ca’
of the pulses is set to a constant value 60°. These pulses are detected through the input voltage from line to line
and serve as input signals for the multiplexer/demultiplexer circuit (FPGA Altera). The PWM signals S;; —
S;5 are produced by the multiplexer/demultiplexer circuit (FPGA Altera). The modulation index allows for
variation of the output voltage, and the frequency can be modified by altering the pulse-width modulation
signals g, — ge. Figure 3 illustrates these signals. The output voltage V,,5 is produced by multiplying the
pulse-width modulation signals S;; — S35 with the input voltage signals. The results presented in Figure 3
demonstrate that the output voltage spectrum aligns well with both theoretical and experimental findings.
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Figure 3. The output pulse-width modulation signals, pulse-width modulation voltage, and harmonic spectrum
at an output frequency of 50 Hz, with a modulation index of 0.8 and a switching frequency (f;) of 0.6 kHz

3.

A PRINCIPLE OF THE PWM GENERATION FROM THE OUTPUT VOLTAGE SIGNALS [31]

The pulse-width modulation generation is initially used to design the output voltage waveforms. This
design process starts with the three-phase line-to-line input voltage waveforms of the power supply. The details
of generating the output voltage waveform are as follows: The three-phase line-to-line input voltage waveforms
are divided into six intervals, each spanning 60 degrees. Each interval contains two pulses, as illustrated in
Figure 4. The ratios of the pulse widths are given by (9).

X1MT: (1 — X1)MT: MT: MT: (1 — X1)MT: X1MT

©)

Where, X1 is a pulse-width ratio of pulse-width modulation pulses, M is a modulation index (0 to 1), T is%

(where m represents the quantity of pulses in each % cycle of the output frequency).
The output voltages of this converter can be illustrated mathematically by the Fourier series form in (9).

vug(wot) = Ym_qla, cosnwoet + by, sinnwyt]

The coefficients of Fourier series form can be calculated by (11) and (12).

an = ;fon(wot) cosn a)otd((l)ot)

(10)

(11)
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b, = ;fOT f(w,t) sinnw,td(w,t) (12)

The harmonic spectrum of the output voltage at an output frequency of 50 Hz with a modulation index of
0.8 can be shown in Figure 3. In Figure 5, the output line voltage waveforms are shown at a modulation index of
0.8 and a frequency of 50 Hz. These waveforms are generated from the three-phase input voltages supplied through
the three-phase matrix converter for the connected loads. These output waveforms can be designed by (8).

Afterward, the pulse-width modulation gating signal patterns g, — g, are designed based on the input
voltage from the supply. Each interval of the supply voltage is used to generate the pulse-width modulation
gating signal patterns, as shown in Figure 6. Additionally, the pulse-width modulation signals S,,; — S35 for the
bidirectional switches are generated using (13). These signals utilize the supply voltages V,,, Vaer Vier Vias
V.., and V, for the control signals. The pulse-width modulation signals S;; — S5 are illustrated in Figure 3.
The output voltage waveform contains harmonics, which can be reduced using this PWM method. The
harmonic order can be determined by 2 = 6n + 1:n = 1,2,3, ... (h = harmonic order for the reducing).
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M =0.8and f =50 Hz voltage at M = 0.8, f = 50 Hz

4. THE THREE-PHASE PWM MATRIX CONVERTER DESIGN

The overall system of the three-phase pulse-width modulation matrix converter can be seen
in Figure 1. It comprises a microprocessor, a voltage detector circuit, an interrupt circuit, and a MUX/DMUX
circuit. These various parts have the chance to be explained as (13).

511 = (Vab + Vac)gl + (Vba + Vca)g4
S12 = Vap + Vac)gs + Ve + Vea) gs
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513 = (Vab + Vac)gs + (Vba + Vca)gz
521 = (Vbc + Vba)gl + (Vcb + Vab)g4
S22 = Vpe + Vpa) 93 + (Vep + Van) 96
S23 = Ve + Vpa)gs + Vep + Vap) g2
S31 = (Vep + Vap) 91 + Vac + Vi) 94
S32 = (Vep + Vap) 93 + (Vac + Vi) s
533 = (Vcb + Vab)gs + (Vac + Vbc)gz (13)

4.1. The PWM generation

This component is responsible for generating the pulse-width modulation signals g, — g¢ used by the
MUX/DMUX circuit. The signals are produced by a dsPIC30F2010 microprocessor and are synchronized with
the source voltage through the interrupt signal. These pulse-width modulation signals have modulation index
values of 0.2 t0 0.8.

4.2. The interrupt circuit

This component generates the signal of an interrupt for the dsPIC30F2010 microprocessor. The pulse-
width modulation signals are aligned with this point where the supply voltage crosses zero. The non-maskable
interrupt is connected to an interrupt-specific connector of the dsPIC30F2010 microprocessor. This interrupt
signal is generated by the NE555 monostable circuit, as illustrated in Figure 7.

4.3. Voltage detector circuit

The circuit produces these 6-square-waves needed for the MUX/DMUX circuit, where a signal has a
breadth of about an angle of sixty degrees, and there are six signals. These square waves are produced by
comparator circuits using the supply voltage. This process is depicted in Figure 8. All signals control the PWM
signal in the MUX/DMUX circuit, which is connected to the bi-directional switches in the main circuit.

4.4. Multiplexer/De-multiplexer circuit

The aim of the circuit is to generate PWM signals S;; — S35 for controlling the 9 bi-directional
switches. These signals are generated by the voltage detector circuit and consist of V,p,, V., Vier Vpar Veas
and V,,. The microprocessor produces PWM signals g, — g, Which control the bidirectional switches as
described in Table 1, in accordance with (9). This equation is implemented through the FPGA chip (FPGA
Altera), which is implemented to manage the 9 bi-directional switches in the main power converter circuit.

Table 1. The dealings with the pulse-width modulation signals, the source voltages, and the 9 bi-directional
switches and their signals
PWM signals Input voltages (line-to-line voltages)

91 531 511 511 SZI SZI 531
94 SZI 521 531 531 511 511
g3 S32 S12 S12 Sz2 Sz Sa
e S22 S22 Ss2 Sz S12 Siz
s S33 S13 S13 Saz Sz Sas
92 Spa Spz S3z Sas Si3 Sia
A
Van
0 » ot
Van
0 » ot
Vna
R > ot
NMI—I “ Interrupt Signal ~|
!
O > ot

Figure 7. The monostable and interrupt signal
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ANALYSIS OF THE CONVERTER CIRCUIT
The three-phase PWM matrix converter is structured with nine bidirectional switches, as illustrated

in Figure 1. Each switch is composed of a single IGBT and four power diodes arranged in a bridge
configuration. These switches convert a constant amplitude and frequency three-phase input voltage into a
three-phase output voltage with adjustable frequency and amplitude. The modulation index regulates both the
amplitude and frequency, while the pulse-width modulation signal frequency produced by the dsPIC30F2010
processor also influences the control. Figure 9 displays the various operating conditions of the matrix converter
(3MC), revealing that these operations can be categorized into six fundamental types:

i)

i)

Status 1: This mode sees S,1, S,2, S23 S31, S32, and Ss; all activated, while V,, represents the voltage
source. The following sequence of events shows the generation of output line voltages, opening with a
current move from V., going via Ss,, and reaching Z, whereupon the current subsequently proceeds,
returning to the source (V},) through S,,. This creates the resulting voltage across the load given by V5.
Simultaneously, this current moves from the source (1), going via S;,, and reaching Z; whereupon the
current returns to the source (V,,) through S,5. The resultant voltage across the load in this case is given
by V. Ultimately, the current flow runs from the source (V) going via S35, and reaching Z.. The current
then returns to the source (V,,) through S, with the resulting voltage across the load given by V.

Status 2: This mode sees S;1, S12, S13 S21, S22, and S,5 all activated. V,,;, represents the voltage source. The
following sequence of events shows the output line voltage synthesis. Initially, the flow of current comes
from the source (V), going via S;;, and reaching Z,. The current then moves return to the source (V)
through S,,. The resulting voltage is thus given by V,z. Simultaneously, the current moves outward from
the source (V) going via S;, and reaching Zg, before flowing return to the source (V) through S, 5, while
V¢ denotes the resulting voltage across the load. The final load voltage is V4. The current then continues
to flow from the source (V) going via S, 5 reaching Z, before returning to the source (V) through S,;.
Status 3: This mode sees S;4, S12, S13.531, S32, and S35 all activated, while V. shows the voltage source.
The current then proceeds from the source (V) via S;; to Z, before returning to the source (V) through
Ss2. Vypis the load voltage. In the case of the voltage at the load being Vg, the current then flows from
the source (V) via S;, to Zg, and then returns to the source (V) through S55. Eventually, the current starts
at the source (V, ), flows via S,5 to Z., and returns to the source (V) via S3;. V4 is the resulting voltage
across the load.

Status 4: This mode sees S,1, S22, S23 531, S32, and Sz all activated. The supply voltage is given by V..
The current starts with the source (V) and flows via S,,,Z, and S5, to the source (1), while the resulting
voltage across the load is given by V,5. Simultaneously, the current flow runs from the source (V) along
S, to Zg before returning to the source (V) along Ss5. In this scenario, the resulting voltage across the
load is influenced by Vg.. Ultimately, the current flow runs from the source (V,) throughout S, to Z,
and subsequently returning to the source (V) throughout S5, while the resulting voltage across the load
is indicated by V.

A single-stage AC conversion with the three-phase matrix converter for the ... (Prasopchok Hothongkham)
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v) Status 5: This mode sees S;1,512, Si3, S21, S5, and S,5 all activated while V, ,denotes the input line
voltage. The following sequence outlines the process of generating output line voltages, starting with the
current flowing from the source (V) throughout S, ; to Z,. The current then moves backward to the source
(V) throughout S,,while the resulting load voltage is V,z. Simultaneously, the current moves from the
supply (V,,) throughout S;, to Z before flowing return to the source (17,) throughout S,5. The resulting
voltage across the load is given by V.. At the end, the voltage at the load is V4. The current flow then
runs from the supply (V) along S, to Z. prior to flowing, return to the source (V) throughout S,;.

vi) Status 6: This mode sees S;1, S12, S13,S31, S32, and S;5 all activated with an input voltage given by V,.
In this scenario, the current runs from the V, along S5, to Z,. The current then moves, returning to the
source (V) through S, while V,5 indicates the resulting voltage across the load. If the voltage at load is
given by Vg, the current will flow from the source (V) via S, to Zg before flowing return to the source
(V) through S;5. Ultimately, the current flow runs from the source (V) throughout S;5 to Z. before
flowing return to the source (7,) through S;;. In this scenario, the resulting voltage across the lo, is V4
and the operational cycle is repeated.

S
s
L3

o

A=
==

3

Ci

L

A
. .-‘ Z‘q
S,
—=2
3 Z
C
S
£l
n 2
S
:: [
&-."—l 2
S,
C

Figure 9. The principal operating modes: () status 1 (), (b) status 2 (V,;), (c) status 3 (V,.),
(d) status 4 (V.. V. ), (e) status 5 (V,,), and (f) status 6 (V)

6. RESULTS OF EXPERIMENTAL AND DISCUSSION

In this study, the matrix converter was developed, implemented, and tested in a laboratory setting. The
pulse-width modulation signals featured six pulses per % cycle, with modulation indices of 0.2 to 0.8, and primary
frequencies of 25 Hz to 100 Hz. Figures 10 and 11 present the output voltage waveforms and harmonic spectra
for six pulses per ¥ cycle, emphasizing the changes in frequencies, modulation indices (M), and frequencies of
the switches f;. These results from both practical and theoretical cases are in good agreement. Figure 12 depicts
the correlation between the output voltage and the fundamental frequency ratio for each modulation index (M),
and the experimental setup can be seen in Figure 13. Additionally, this data was utilized to regulate the speed of
the induction motor using the V/f method for the speed control in future work.
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Figure 12. Connection between load voltage and Figure 13. Overall, of the experimental testing
fundamental frequency for the V/f control system in the laboratory

7. CONCLUSION

This study confirms the feasibility of creating and building a prototype for a three-phase PWM matrix
converter. The matrix converter's principle can be mathematically represented by equations, which are depicted
through graphical waveforms. These waveforms can be generated through computer simulations, which can
then be compared with experimental outcomes for voltage waveforms and harmonic spectra. The findings are
shown in the results. The system was tested with six pulses per half-cycle and modulation index values of 0.2,
0.4, 0.6, and 0.8. The converter load was passive loads (RL Loads), and the waveforms demonstrate that the
results of the experiment closely align with the simulation results. The harmonic content of the output voltage
can be calculated and measured for various applications. These output voltages and fundamental frequencies
are obtained from experimental data and calculations as linear results. This indicates that the findings are
applicable to three-phase IM drive systems using V/f control. The V/f control implementation for the induction
motor drive is discussed in the next paper. All data verify that the PWM technique is effective with controlled
by the direct three-phase matrix converter. These results verify the performance and capability of the proposed
converter, demonstrating its applicability in various tasks. In future work, this matrix converter will drive an
induction motor using the V/f method for both open-loop and closed-loop speed control.
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