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Abstract

This thesis investigates modulation methods and switching pattern selection for three-
phase AC-DC matrix converters, with the goal of minimizing output current ripple while
considering switching losses. Existing research either focuses on a limited set of prede-
fined patterns or optimizes individual patterns, but does not provide a comprehensive
evaluation of all feasible switching patterns. One challenge addressed in this work is
the extremely large number of possible patterns satisfying operational constraints, par-
ticularly for patterns with four or more switching states per half cycle, where manual
optimization becomes impractical.

An automated procedure is proposed for systematic pattern generation and optimiza-
tion, evaluating all feasible patterns to identify those that achieve the optimal trade-off
between output current ripple and switching losses. Analytical optimization for the se-
lected patterns enables real-time implementation, and experimental validation confirms
close agreement with theoretical predictions.

Further ripple reduction is achieved by selecting an optimal set of one, two, or three
patterns to be applied within a single input voltage period, with maps developed to de-
termine the appropriate pattern based on input voltage angle and modulation index. The
resulting optimized modulation strategies are compared to standard methods, demon-
strating superior performance across different power factors.

Finally, a modulation approach based on discontinuous conduction mode (DCM) is
introduced to improve efficiency and reduce input current distortion at low output cur-
rents. A current-control-based modulator and an output-inductance estimation method
are developed, providing robust and experimentally validated steady-state and transient

performance.
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Chapter 1:

Introduction

Three-phase AC-DC converters have played a significant role in modern energy sys-
tems owing to the widespread utilization of the three-phase AC grid worldwide. Their
ability to provide efficient, high-power conversion has made them indispensable in in-
dustrial, commercial, and utility-scale applications. In recent years, the rapid develop-
ment of renewable energy systems, DC microgrids, and electric transportation has further
expanded the range of applications for these converters. In particular, the growing de-
ployment of battery energy storage systems and the increasing demand for high-speed
charging infrastructure have created new opportunities and requirements for advanced

three-phase AC-DC converter technologies [1].

1.1 Existing Three Phase AC-DC Converter Topologies

In the subsequent sections, existing topologies for three-phase AC-DC converters are
reviewed. Several factors must be considered when evaluating converter performance.
The first is the number of stages required for the conversion process. Single-stage con-
verters are typically more efficient due to the reduced number of semiconductor devices
involved in power transfer. In contrast to multi-stage converters, they do not require an
intermediate DC-link capacitor, which can lead to a reduction in both weight and volume.

Another important consideration is bidirectional power transfer capability, which is
essential for a wide range of applications. Input power quality and power factor cor-
rection capabilities are also critical, particularly in light of stringent regulatory require-
ments [2-4]. Furthermore, the output voltage regulation range must be taken into ac-
count when selecting a suitable topology.

The following subsections present representative examples of both uni- and bidirec-

tional three-phase AC-DC converter topologies, along with an analysis of their respective
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Chapter 1: Introduction Ph.D. Thesis

operational characteristics and performance capabilities. A more detailed review of AC-

DC converter topologies is provided in [5-10].

111 Unidirectional converter topologies

The simplest form of a three-phase AC-DC converter is the passive rectifier (see
Fig. 11(a)). Although structurally simple, this topology suffers from highly distorted input
currents, an inability to regulate the output voltage, and unidirectional power flow. Power
quality can be improved through the use of passive filters, active filters (see Fig. 11(c)),
or current-controlled injection methods [5, 11-15].

Passive shunt filters are connected in parallel between the grid and the converter
neutral point, providing a low-impedance path for higher-order harmonics. As a result,
these harmonics flow through the filter to the neutral rather than into the grid [5]. How-
ever, such filters can interact with the system impedance, potentially leading to reso-
nances [11]. Active filters mitigate disturbances by injecting current or voltage harmonics
with equal amplitude and opposite phase [12].

Active currentinjection methods employ additional converters or networks (see Fig. 1.1(b))
to supply auxiliary AC-side currents, thereby reducing input current harmonics. Although
the inclusion of auxiliary converters reduces overall efficiency, the power processed by
the auxiliary network is typically only a fraction of the main rectifier power, which can still
result in an overall efficiency improvement [13-15]. A notable subset of these topologies
Is the third-harmonic current injection rectifier, in which a controlled current component

isinjected into the AC side. AC-side injection in these systems can be implemented using

— —o
. — Auxiliary
>— AC-DC . - AC-DC ' | network
o—t © 1 —é—
(@) (b) Injection)

network

— o
o —t |,
— Filter — AC-DC — AC-DC DC-DC
o— — —° o— || _°
(c) (d)

Figure 11: Three phase AC-DC converter topologies
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Chapter 1: Introduction Ph.D. Thesis

bidirectional switches [15, 16] or passive injection networks [17].

Multipulse rectifiers can be used to improve input current quality and power factor.
They usually consist of several standard three-phase rectifiers (6-pulse rectifiers) ar-
ranged in a specific configuration using transformers and tapped inductors [18, 19]. Due
to their simplicity and high reliability, these converters are currently applied in aerospace
systems [20, 21].

Thus far, the discussion has focused on enhancing input power quality, specifically by
reducing higher-order harmonics in the input current, without considering output voltage
regulation. The following topologies provide output voltage regulation in addition to
improved input power quality.

The simplest solution for output voltage control is the introduction of a second DC-
DC stage connected to a rectifier with power factor correction capability, as shown in
Fig. 11(d). Depending on the application requirements, a buck [22, 23], boost [16, 17, 24],
or buck-boost [25] converter can be used as the second stage.

The A-switch rectifier and the Vienna rectifier are step-up topologies that allow the
formation of a phase displacement between the voltage and the fundamental compo-
nent of the current [26, 27]. The three-phase buck-type PFC rectifier is a buck-derived
topology that offers a wide operating range with respect to current and voltage displace-
ment. An alternative is the active three-switch buck-type PFC rectifier, which provides
a narrower displacement angle range [8]. The Swiss rectifier is a converter based on
third-harmonic current injection combined with an additional buck converter [28]. This

topology can operate only at unity power factor.

1.1.2 Bidirectional converter topologies

The most common approach for rectifying AC voltage while achieving high input cur-
rent quality and a wide voltage-current displacement angle is the use of an active front-
end (AFE) converter. The term active front end refers to a family of boost-type convert-
ers that enable bidirectional power flow with minimal current distortion and a variable
power factor [29].

The most common representative of this family is the VSI-bridge-based bidirectional

boost converter [30]. A unidirectional version of this topology can be obtained by replac-
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ing three switches with diodes [8]. Numerous variations of the VSI-based topology exist,
including four-switch configurations for cost reduction and four-wire topologies aimed
at improving voltage ripple, balancing supply currents, and enabling operation under
unbalanced supply voltage conditions [31, 32].

The three-level neutral-point-clamped (NPC) converter provides performance com-
parable to that of the VSI-based AFE while requiring a smaller input filter inductance
and enabling higher switching frequencies. Its main drawback is the increased number
of components [29]. The three-level T-type converter is a bidirectional variant of the
Vienna rectifier. It is similar to the NPC converter but exhibits slightly lower switching
losses [33, 34].

One representative of buck-type converters is the bidirectional Swiss rectifier. Com-
pared to its unidirectional version, all diodes are replaced with active switches [35, 36].
The displacement between the input voltage and current must remain within the range
—m/6 < ¢ < /6 to avoid input current distortion.

The buck-boost Y-rectifier is a bidirectional quasi-single-stage converter. Although it
consists of two stages, namely buck and boost, only one stage is required to operate at
high switching frequency to achieve the desired output voltage [37, 38].

The AC-DC matrix converter is a single-stage bidirectional buck converter [39]. It is
derived from the AC-AC matrix converter by removing one leg. Power factor variation
can be achieved at the cost of a reduced maximum output voltage. A comparison of the
AC-DC matrix converter with a two-stage converter for plug-in electric vehicle charging,
presented in [40], demonstrates the superior power density of the matrix converter.

For converters with a limited output voltage range, a second DC-DC stage can be
added to achieve full-range operation. A comprehensive review of bidirectional DC-DC
converters is provided in [41].

A notable DC-DC topology that represents a strong candidate for the second stage
is the dual-active-bridge (DAB) converter. It is an isolated, highly efficient buck-boost
converter [42, 43]. Since the DAB consists of two H-bridges connected by a high-frequency
transformer, alternative converter topologies can be integrated in place of the primary
H-bridge to form three-phase AC-DC buck-boost isolated converters, such as the AC-DC

matrix DAB converter [44-46] and the Swiss DAB [47].
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As a single-stage AC-DC converter with sinusoidal input currents and power factor
control capability, the AC-DC matrix converter represents a suitable candidate for sys-
tems requiring step-down voltage regulation. The following section examines the state

of research on AC-DC matrix converters in greater detail.

1.2 Literature review on AC-DC Matrix converters

In 1981, the first modulation method for AC-AC matrix converters was presented in [48].
The proposed solution exhibited a limited output voltage ratio. This limitation was ad-
dressed in 1989 by the same researchers [49]. In the same year, the first space vector
modulation (SVM) approach for matrix converters was introduced [50]. This modulation
treated the matrix converter as a two-stage converter, leading to the development of
indirect SYM. Two years later, the direct SYM method was proposed [51]. In 1992, results
developed for AC-AC matrix converters were adapted for AC-DC matrix converters [39].

Several modulation strategies for AC-DC matrix converters have been reported in the

literature. In general, a modulation strategy is required to fulfill the following objectives:

- Correct output voltage regulation;
- Sinusoidal input currents;

- Accurate power factor control.

A comparison of modulation strategies is presented in [52]. The authors distinguish
between pulse-width modulation (PWM), where the duty cycle for the connection of each
input-output terminal is determined separately, and SVM [53-57], where the duty cycles
for applying specific line-to-line voltages to the output terminals are calculated based on
the input current reference angle. The main advantages of SVM include straightforward
implementation and inherently simple power factor control.

Model predictive control (MPC) based on SVM is proposed in [57], where the inclusion
of virtual space vectors in the cost function leads to improved current ripple reduction
and enhanced dynamic response. Finite control set MPC is investigated in [58], where

the authors also introduce an observer for input voltage estimation.
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An improved SVM scheme that reduces common-mode voltage and accounts for the
narrow pulse problem is proposed in [59]. To address significant harmonic distortion at
low modulation indices, [60] proposes switching sequences that incorporate additional
zero states.

During duty cycle calculation, several degrees of freedom exist that can influence
converter performance. In each PWM cycle, the required output voltage and input current
can be achieved by connecting the output to two out of the three available line-to-line
voltages. The selection of applied voltages, the connection phase of the zero state, and
the switching pattern can significantly affect switching losses, output current ripple, input
current distortion, and the maximum achievable output voltage.

The problem of modulation strategy selection has been addressed in several stud-
ies on matrix converters [61-64]. A genetic algorithm is employed in [65] to optimize
the distribution and sequencing of passive duty cycles. The performance of Z-source
ultra-sparse matrix converters, including input current and output voltage THD as well
as switching losses, is analyzed for various patterns with and without zero states in [66].
A modulation scheme for isolated AC-DC matrix converters is introduced in [67], combin-
ing vector sequence allocation and duty cycle adjustment to reduce both DC-side current
ripple and AC-side current distortion at high modulation indices.

Switching pattern selection for minimizing switching losses is discussed in [68-70].
For high modulation indices, it is proposed to eliminate zero states and control the con-
verter using only active duty cycles. At low modulation indices, active duty cycles corre-
sponding to lower line-to-line voltages are preferred. A similar pattern selection strategy
is proposed in [71] to reduce current ripple, along with a method to compensate for the
displacement between input voltage and current caused by the input filter. In [55], output
current ripple is reduced through an improved SVM approach, where optimal placement
of passive duty cycles also enhances input current total harmonic distortion (THD). A
similar methodology is presented in [56], which additionally examines the influence of
power factor on input current ripple and harmonic content. The impact of the number
and type of passive duty cycles on converter efficiency is investigated in [72], concluding
that certain patterns improve input current THD, while others enhance converter effi-

ciency.
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Efficiency improvement has been extensively studied for isolated matrix-based AC-DC
converters [46, 73-75]. Zero-current switching is achieved by equalizing the volt-seconds
in the primary and secondary windings during one switching cycle and aligning the rising
orfalling edges of the primary and secondary voltages. As a result, the same current flows
at the beginning and end of the cycle. In [73], a voltage commutation compensation
method is proposed to eliminate current offsets between cycles caused by commutation
delays.

Despite the significant body of work on switching pattern selection and modulation
strategies for AC-DC matrix converters, there are limitations in the existing literature.
Most studies focus either on a limited subset of switching patterns or on the optimiza-
tion of predefined modulation schemes, typically demonstrating improved performance
with respect to a specific objective such as switching losses, output current ripple, or
input current distortion. However, these approaches are generally constrained by the
initial selection of candidate patterns and therefore do not provide a comprehensive
assessment of the full solution space. As a result, the reported improvements are often
relative to conventional or baseline methods rather than indicative of globally optimal
performance.

Consequently, there remains a need for a more comprehensive and systematic in-
vestigation that considers a global set of feasible switching patterns and evaluates their

performance across various operating conditions.

1.3 Thesis structure

This thesis consists of five chapters. The content of each chapter is summarized as

follows:

- Chapter 2 provides a summary of the operating principles of AC-DC matrix convert-
ers. The main converter components are described, and commutation techniques

required for proper operation are presented.

- Chapter 3 focuses on modulation techniques for AC-DC matrix converters. Existing
methods, including duty-cycle modulation, space vector modulation (SVM), and

duty-cycle-SVM approaches, are reviewed and compared.
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- Chapter 4 addresses the problem of switching pattern selection and optimization.
Patterns that achieve the best trade-off between output current ripple and switch-
ing losses are identified for different operating conditions. Further optimization
within a single input voltage period is also performed to reduce output current
ripple even more. Selected patterns are validated experimentally and compared

with approaches reported in the literature.

- Chapter 5 presents a modulation strategy designed to improve converter perfor-
mance under low output current conditions. The method targets reductions in
input current THD, output current ripple, and switching losses. A discontinuous
conduction mode (DCM) modulation algorithm is developed, implemented, and
experimentally tested. The results are compared with standard modulation tech-

niques to demonstrate performance improvements.

- Conclusions summarize the main findings of the thesis, highlighting the contri-
butions in modulation optimization, switching pattern selection, and DCM-based

performance enhancement.

Dmytro Rodkin 8



Chapter 1: Introduction Ph.D. Thesis

References1

[1]

[6]

[7]

(8]

[9]

[10]

S.S. Williamson, A. K. Rathore, and F. Musavi, “Industrial electronics for electric trans-
portation: Current state-of-the-art and future challenges,” IEEE Transactions on In-

dustrial Electronics, vol. 62, no. 5, pp. 3021-3032, 2015.

“Electromagnetic compatibility (EMC) - Part 3 — 12, 2021. International Electrotech-

nical Commission (IEC).

“leee recommended practice for conducting harmonic studies and analysis of in-

dustrial and commercial power systems,” [EEE Std 3002.8-2018, pp. 1-79, 2018.

“leee standard for harmonic control in electric power systems,” |[EEE Std 519-2022

(Revision of IEEE Std 519-2014), pp. 1-31, 2022.

M. Rivera, D. Faundez, J. Kolar, P. Wheeler, and J. Riveros, “Three-phase ac-dc con-
verters with passive, active and hybrid current injection circuits -parti,” in 2018 IEEE

Biennial Congress of Argentina (ARGENCON), pp. 1-7, 2018.

M. Rivera, D. Faundez, J. Kolar, P. Wheeler, and J. Riveros, “Three-phase ac-dc convert-
ers with passive, active and hybrid current injection circuits - part ii,” in 2018 IEEE

Biennial Congress of Argentina (ARGENCON), pp. 1-5, 2018.

E. C. dos Santos, C. B. Jacobina, E. R. C. da Silva, and N. Rocha, “Single-phase to three-
phase power converters: State of the art,” IEEE Transactions on Power Electronics,

vol. 27, no. 5, pp. 2437-2452, 2012.

J. W. Kolar and T. Friedli, “The essence of three-phase pfc rectifier systems—part i’

IEEE Transactions on Power Electronics, vol. 28, no. 1, pp. 176-198, 2013.

T. Friedli, M. Hartmann, and J. W. Kolar, “The essence of three-phase pfc rectifier
systems—part ii,” IEEE Transactions on Power Electronics, vol. 29, no. 2, pp. 543-560,

2014.

B. Singh, B. Singh, A. Chandra, K. Al-Haddad, A. Pandey, and D. Kothari, “A review of
three-phase improved power quality ac-dc converters,” IEEE Transactions on Indus-

trial Electronics, vol. 51, no. 3, pp. 641-660, 2004,

Dmytro Rodkin 9



Chapter 1: Introduction Ph.D. Thesis

[11]

[12]

[15]

S. Senini and P. Wolfs, “Hybrid active filter for harmonically unbalanced three phase
three wire railway traction loads,” IEEE Transactions on Power Electronics, vol. 15,

no. &4, pp. 702-710, 2000.

S. Rahmani, N. Mendalek, and K. Al-Haddad, “Experimental design of a nonlinear
control technique for three-phase shunt active power filter,” IEEE Transactions on

Industrial Electronics, vol. 57, no. 10, pp. 3364-3375, 2010.

M. Rivera, D. Faundez, ). Kolar, P. Wheeler, ). A. Riveros, and S. Toledo, “Three-phase
rectifiers with current compensation schemes - part ii: Active and hybrid config-
urations,” in 2018 IEEE International Conference on Electrical Systems for Aircraft,
Railway, Ship Propulsion and Road Vehicles International Transportation Electrifi-

cation Conference (ESARS-ITEC), pp. 1-6, 2018.

N.Vazquez, H. Rodriguez, C. Hernandez, E. Rodriguez, and J. Arau, “Three-phase recti-
fier with active current injection and high efficiency,” IEEE Transactions on Industrial

Electronics, vol. 56, no. 1, pp. 110119, 2000.

H. Yoo and S.-K. Sul, “A new circuit design and control to reduce input harmonic
current for a three-phase ac machine drive system having a very small dc-link ca-
pacitor,” in 2010 Twenty-Fifth Annual IEEE Applied Power Electronics Conference and
Exposition (APEC), pp. 611-618, 2010.

Salmon, “Comparative evaluation of circuit topologies for 1-phase and 3-phase
boost rectifiers operated with a low current distortion,” in 1994 Proceedings of Cana-

dian Conference on Electrical and Computer Engineering, pp. 30-33 vol1, 1994.

R. Naik, M. Rastogi, and N. Mohan, “Third-harmonic modulated power electronics
interface with three-phase utility to provide a regulated dc output and to minimize

line-current harmonics,” IEEE Transactions on Industry Applications, vol. 31, 05 1995.

M. Rivera, D. Faundez, J. Kolar, P. Wheeler, J. A. Riveros, and S. Toledo, “Three-phase
rectifiers with current compensation schemes - part i: Passive circuits,” in 2018 IEEE
International Conference on Electrical Systems for Aircraft, Railway, Ship Propulsion
and Road Vehicles International Transportation Electrification Conference (ESARS-

ITEC), pp. 1-6, 2018.

Dmytro Rodkin 10



Chapter 1: Introduction Ph.D. Thesis

[19]

[22]

[24]

[25]

[26]

B. Singh, S. Gairola, B. N. Singh, A. Chandra, and K. Al-Haddad, “Multipulse ac-dc
converters for improving power quality: A review,” IEEE Transactions on Power Elec-

tronics, vol. 23, no. 1, pp. 260-281, 2008.

T.Yang, S. Bozhko, and G. Asher, “Functional modeling of symmetrical multipulse au-
totransformer rectifier units for aerospace applications,” IEEE Transactions on Power

Electronics, vol. 30, no. 9, pp. 4704-4713, 2015.

T. Clark, F. ). Chivite-Zabalza, A. J. Forsyth, M. Barnes, and D. R. Trainer, “Analysis and
comparison of diode rectifier units suitable for aerospace applications,” in 2008 4th

IET Conference on Power Electronics, Machines and Drives, pp. 602-606, 2008.

T. Soeiro, T. Friedli, and J. W. Kolar, “Three-phase high power factor mains inter-
face concepts for electric vehicle battery charging systems,” in 2012 Twenty-Seventh
Annual IEEE Applied Power Electronics Conference and Exposition (APEC), pp. 2603-
2610, 2012.

A.Kuperman, U. Levy, J. Goren, A. Zafranski, and A. Savernin, “High power li-ion battery
charger for electric vehicle,” in 2011 7th International Conference-Workshop Compat-

ibility and Power Electronics (CPE), pp. 342-347, 2011.

J. Kolar, H. Ertl, and F. Zach, “Space vector-based analytical analysis of the input
current distortion of a three-phase discontinuous-mode boost rectifier system,” IEEE

Transactions on Power Electronics, vol. 10, no. 6, pp. 733-745, 1995.

D. Martins, A. de Oliveria, and I. Barbi, “Three-phase rectifier using a sepic dc-
dc converter in continuous conduction mode for power factor correction,” in
INTELEC - Twentieth International Telecommunications Energy Conference (Cat.

N0.98CH36263), pp. 491-497, 1998.

M. Hartmann, J. Miniboeck, and J. W. Kolar, “A three-phase delta switch rectifier for
more electric aircraft applications employing a novel pwm current control concept,
in 2009 Twenty-Fourth Annual IEEE Applied Power Electronics Conference and Expo-
sition, pp. 1633-1640, 2009

Dmytro Rodkin 1



Chapter 1: Introduction Ph.D. Thesis

[27] J. Kolar, H. Sree, U. Drofenik, N. Mohan, and F. Zach, “A novel three-phase three-switch
three-level high power factor sepic-type ac-to-dc converter,” in Proceedings of APEC

97 - Applied Power Electronics Conference, vol. 2, pp. 657-665 vol.2, 1997.

[28] T. Soeiro, T. Friedli, and ). W. Kolar, “Three-phase high power factor mains inter-
face concepts for electric vehicle battery charging systems,” in 2012 Twenty-Seventh
Annual IEEE Applied Power Electronics Conference and Exposition (APEC), pp. 2603-
2610, 2012.

[29] A. Zhaksylyk, H. Rasool, E. Abramushkina, S. Chakraborty, T. Geury, M. El Baghdadi,
and O. Hegazy, “Review of active front-end rectifiers in ev dc charging applications,’

Batteries, vol. 9, no. 3, 2023.

[30] B. Qoi, J. Dixon, A. Kulkarni, and M. Nishimoto, “An integrated ac drive system using
a controlled-current pwm rectifier/inverter link,” IEEE Transactions on Power Elec-

tronics, vol. 3, no. 1, pp. 64-71, 1988.

[31] R. Zhang, F. Lee, and D. Boroyevich, “Four-legged three-phase pfc rectifier with fault
tolerant capability,” in 2000 IEEE 31st Annual Power Electronics Specialists Confer-

ence. Conference Proceedings (Cat. No.0OCH37018), vol. 1, pp. 359-364 vol.1, 2000.

[32] B. Singh, B. Singh, A. Chandra, K. Al-Haddad, A. Pandey, and D. Kothari, “A review of
three-phase improved power quality ac-dc converters,” IEEE Transactions on Indus-

trial Electronics, vol. 51, no. 3, pp. 641-660, 2004,

[33] M. Schweizer and ). W. Kolar, “Design and implementation of a highly efficient three-
level t-type converter for low-voltage applications,” IEEE Transactions on Power Elec-

tronics, vol. 28, no. 2, pp. 899-907, 2013.

[34] J. Halbig, “15kw bidirectional vienna pfc,” in 2014 IEEE Applied Power Electronics Con-
ference and Exposition-APEC, 2020.

[35] L. Schrittwieser, M. F. Vancu, J. W. Kolar, and T. B. Soeiro, “Control of the input char-
acteristic and the displacement factor of uni- and bidirectional swiss rectifier for
symmetrical and unsymmetrical three-phase mains,” in 2015 9th International Con-

ference on Power Electronics and ECCE Asia (ICPE-ECCE Asia), pp. 40-47, 2015.

Dmytro Rodkin 12



Chapter 1: Introduction Ph.D. Thesis

[36] L.Schrittwieser, ). W. Kolar, and T. B. Soeiro, “Novel swiss rectifier modulation scheme
preventing input current distortions at sector boundaries,” IEEE Transactions on

Power Electronics, vol. 32, no. 7, pp. 5771-5785, 2017.

[37] D. Menzi, D. Bortis, and J. W. Kolar, “A new bidirectional three-phase phase-modular
boost-buck ac/dc converter” in 2018 IEEE International Power Electronics and Ap-

plication Conference and Exposition (PEAC), pp. 1-8, 2018.

[38] D. Menzi, L. Kappeler, P. Ziegler, D. Biadene, and J. W. Kolar, “Wide dc output voltage
range buck-boost 6-module y-rectifier featuring full power delivery in 3-phase and

1-phase operation,” IEEE Access, vol. 12, pp. 189804189819, 2024.

[39] D. Holmes and T. Lipo, “Implementation of a controlled rectifier using ac-ac matrix
converter theory,” IEEE Transactions on Power Electronics, vol. 7, no. 1, pp. 240-250,

1992.

[40] G.Rizzoli, L. Zarri, M. Mengoni, A. Tani, L. Attilio, G. Serra, and D. Casadei, “Comparison
between an ac-dc matrix converter and an interleaved dc-dc converter with power
factor corrector for plug-in electric vehicles,” in 2014 IEEE International Electric Ve-

hicle Conference (IEVC), pp. 1-6, 2014.

[41] G. Lithesh, B. Krishna, and V. Karthikeyan, “Review and comparative study of bi-
directional dc-dc converters,” in 2021 IEEE International Power and Renewable En-

ergy Conference (IPRECON), pp. 1-6, 2021.

[42] L. Li, G. Xu, D. Sha, Y. Liu, Y. Sun, and M. Su, “Review of dual-active-bridge converters
with topological modifications,” IEEE Transactions on Power Electronics, vol. 38, no. 7,

pp. 9046-9076, 2023.

[43] A. Chub, D. Vinnikov, R. Kosenko, E. Liivik, and I. Galkin, “Bidirectional dc-dc con-
verter for modular residential battery energy storage systems,” IEEE Transactions on

Industrial Electronics, vol. 67, no. 3, pp. 19441955, 2020.

[44] D. Das, N. Weise, K. Basu, R. Baranwal, and N. Mohan, “A bidirectional soft-switched
dab-based single-stage three-phase ac-dc converter for v2g application,” IEEE Trans-

actions on Transportation Electrification, vol. 5, no. 1, pp. 186-199, 2019.

Dmytro Rodkin 13



Chapter 1: Introduction Ph.D. Thesis

[45] D. Varajao, R. E. Araljo, L. M. Miranda, and J. A. P. Lopes, “Modulation strategy for
a single-stage bidirectional and isolated ac-dc matrix converter for energy storage
systems,” IEEE Transactions on Industrial Electronics, vol. 65, no. 4, pp. 3458-3468,

2018.

[46] L. Schrittwieser, M. Leibl, and J. W. Kolar, “99% efficient isolated three-phase matrix-
type dab buck-boost pfc rectifier” IEEE Transactions on Power Electronics, vol. 35,

no. 1, pp. 138-157, 2020.

[47] C.S.Wong, ). Liu, L. Cao, and K. H. Loo, “A swiss-rectifier-based single-stage three-
phase bidirectional ac-dc inductive-power-transfer converter for vehicle-to-grid ap-

plications,” IEEE Transactions on Power Electronics, vol. 38, no. 3, pp. 4152-4166, 2023.

[48] M. Venturini, “A new sine wave in sine wave out, conversion technique which elim-
inates reactive elements,” in Proceedings of the IEEE International Conference on

Power System Technology, vol. 7, pp. 1-3, 1980.

[49] A.Alesinaand M. Venturini, “Analysis and design of optimum-amplitude nine-switch
direct ac-ac converters,” IEEE Transactions on Power Electronics, vol. 4, no. 1, pp. 101-

112, 1989.

[50] L.Huberand D. Borojevic, “Space vector modulator for forced commutated cyclocon-
verters,” Conference Record of the IEEE Industry Applications Society Annual Meet-

ing, pp. 871-876 vol1, 1989.

[51] D. Casadei, G. Grandi, G. Serra, and A. Tani, “Space vector control of matrix converters
with unity input power factor and sinusoidal input/output waveforms,” in 1993 Fifth

European Conference on Power Electronics and Applications, pp. 170-175 vol.7, 1993.

[52] M. Mengoni, L. Zarri, A. Tani, G. Rizzoli, G. Serra, and D. Casadei, “Modulation strate-
gies for three-phase ac-dc matrix converters: A comparison,” in 2016 IEEE Energy

Conversion Congress and Exposition (ECCE), pp. 1-7, 2016.

[53] K. You, D. Xiao, M. F. Rahman, and M. N. Uddin, “Applying reduced general direct
space vector modulation approach of ac-ac matrix converter theory to achieve di-
rect power factor controlled three-phase ac-dc matrix rectifier,” IEEE Transactions

on Industry Applications, vol. 50, no. 3, pp. 2243-2257, 2014.

Dmytro Rodkin 14



Chapter 1: Introduction Ph.D. Thesis

[54] K. You, D. Xiao, M. F. Rahman, and M. N. Uddin, “Applying reduced general direct
space vector modulation approach of ac-ac matrix converter theory to achieve di-
rect power factor controlled three-phase ac-dc matrix rectifier,” IEEE Transactions

on Industry Applications, vol. 50, no. 3, pp. 2243-2257, 2014.

[55] F. Fang, H. Tian, and Y. Li, “An improved svm strategy to reduce dc current ripple
for ac-dc matrix converter,” in 2020 IEEE Applied Power Electronics Conference and

Exposition (APEC), pp. 1929-1935, 2020.

[56] B. Feng, H. Lin, and X. Wang, “Modulation and control of ac/dc matrix converter for

battery energy storage application,” IET Power Electronics, vol. 8, no. 9, pp. 1583-1594.

[57] F. Fang, H.Tian, and Y. Li, “Finite control set model predictive control for ac-dc matrix
converter with virtual space vectors,” IEEE Journal of Emerging and Selected Topics

in Power Electronics, vol. 9, no. 1, pp. 616-628, 2021.

[58] B. Feng and H. Lin, “Finite control set model predictive control of ac/dc matrix con-
verter for grid-connected battery energy storage application,” Journal of Power Elec-

tronics, vol. 15, pp. 1006-1017, 07 2015.

[59] X. Liu, Q. Zhang, D. Hou, and S. Wang, “Improved space vector modulation strategy
for AC-DC matrix converters,” Journal of Power Electronics, vol. 13, pp. 647-656, July

2013.

[60] P. Yao and X. Jiang, “Optimal six vector switching pattern in matrix converters for
reducing harmonics and switching loss,” CSEE Journal of Power and Energy Systems,

vol. 9, no. 1, pp. 135-144, 2023.

[61] D. Casadei, G. Serra, and A. Tani, “Reduction of the input current harmonic content
in matrix converters under input/output unbalance,” in Proceedings of IECON '95 -

21st Annual Conference on IEEE Industrial Electronics, vol. 1, pp. 457-462 vol.1, 1995.

[62] J. Rodriguez, M. Rivera, J. W. Kolar, and P. W. Wheeler, “A review of control and mod-
ulation methods for matrix converters,” IEEE Transactions on Industrial Electronics,

vol. 59, no. 1, pp. 58-70, 2012.

Dmytro Rodkin 15



Chapter 1: Introduction Ph.D. Thesis

[63]

[66]

[67]

[70]

[71]

P. Yao and X. Jiang, “Optimal six vector switching pattern in matrix converters for
reducing harmonics and switching loss,” CSEE Journal of Power and Energy Systems,

vol. 9, no. 1, pp. 135-144, 2023.

D. Casadel, G. Serra, A. Tani, and L. Zarri, “Matrix converter modulation strategies:
a new general approach based on space-vector representation of the switch state,’

IEEE Transactions on Industrial Electronics, vol. 49, no. 2, pp. 370-381, 2002.

A. M. Bozorgi, M. Monfared, and H. R. Mashhadi, “Optimum switching pattern of ma-
trix converter space vector modulation,” in 2012 2nd International eConference on

Computer and Knowledge Engineering (ICCKE), pp. 89-93, 2012.

A. M. Bozorgi, M. Farasat, and E. Karaman, “Novel modulation schemes and switching
pattern for z-source ultra-sparse matrix converter,” in 2017 IEEE Energy Conversion

Congress and Exposition (ECCE), pp. 4223-4229, 2017.

J. Song, B. Duan, X. Li, D. Wan, W. Ding, C. Zhang, and C. Du, “A modified space vector
modulation for dc-side current ripple reduction in high-frequency link matrix con-
verter,” IEEE Transactions on Transportation Electrification, vol. 8, no. 4, pp. 4470-

4481, 2022.

M. Su, H. Wang, Y. Sun, J. Yang, W. Xiong, and Y. Liu, “Ac/dc matrix converter with
an optimized modulation strategy for v2g applications,” IEEE Transactions on Power

Electronics, vol. 28, no. 12, pp. 5736-5745, 2013.

M. Mengoni, L. Zarri, A. Tani, G. Rini, G. Serra, and D. Casadei, “Modulation strategy
with minimum switching losses for three-phase ac-dc matrix converters,” in 2014

16th European Conference on Power Electronics and Applications, pp. 1-10, 2014.

X. Guo, Y. Yang, and X. Wang, “Optimal space vector modulation of current-source
converter for dc-link current ripple reduction,” IEEE Transactions on Industrial Elec-

tronics, vol. 66, no. 3, pp. 1671-1680, 2019.

T-L. Nguyen and H.-H. Lee, “A space vector modulation method to reduce output
current ripple at unity grid power factor for ac/dc matrix converters,” in IECON 2019
- 45th Annual Conference of the IEEE Industrial Electronics Society, vol. 1, pp. 1561-
1566, 2019.

Dmytro Rodkin 16



Chapter 1: Introduction Ph.D. Thesis

[72] M. Mengoni, L. Zarri, A. Tani, G. Rizzoli, G. Serra, and D. Casadei, “Modulation strate-
gies for three-phase ac-dc matrix converters: A comparison,” in 2016 IEEE Energy

Conversion Congress and Exposition (ECCE), pp. 1-7, 2016.

[73] J-i. Itoh, S. Nakamura, S. Takuma, and H. Watanabe, “Isolated three-phase ac to dc
converter with matrix converter applying wide output voltage operation,” in 2020

IEEE Energy Conversion Congress and Exposition (ECCE), pp. 4563-4570, 2020.

[74] D. Das, N. Weise, K. Basu, R. Baranwal, and N. Mohan, “A bidirectional soft-switched
dab-based single-stage three-phase ac-dc converter for v2g application,” IEEE Trans-

actions on Transportation Electrification, vol. 5, no. 1, pp. 186-199, 2019.

[75] Y. Matsui, K. Suzuki, and T. Takeshita, “High-frequency link ac/dc converter using
matrix converter with soft-switching technique,” in 2017 IEEE Energy Conversion

Congress and Exposition (ECCE), pp. 1715-1722, 2017.

Dmytro Rodkin 17



Chapter 2:

Basics of AC-DC Matrix Converters

The AC-DC matrix converter is a single-stage converter that enables direct conversion
from three-phase AC voltage to DC voltage. It is a buck-type converter, meaning that the
output voltage cannot exceed the maximum input line-to-line voltage. The converter can
enforce sinusoidal input currents with a variable power factor. The converter topology
is shown in Fig. 21 and consists of an input filter, six bidirectional switches, an output

inductor and capacitor, and the load.

2.1 Principle of operation

The principle of operation of the converter is as follows: at any instant, two output
terminals of the converter can be connected to any input phase. Simultaneous connec-
tion of an output terminal to multiple input phases is not allowed, as it would create a

short circuit. Let the instantaneous input phase voltages be Vj,1, Ving, Vins:

‘/inl - Vmagsz.n(g)a
2
Ving = Vinagsin (9 - 3”) , (27)

2
Ving = Vmagsfin (‘9 + ?:T) )

where V44 IS the phase voltage magnitude and § is the input voltage angle.

The corresponding line-to-line voltages are given by:

W—ll — ‘/inl - V;nQ,
Viciz = Vina — Vips, (22)

‘/lfl3 = V;n?» - ‘/inl‘
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Figure 2.1: AC-DC matrix converter scheme

Since each output terminal can be connected to any input phase, there are seven

possible states that can be formed at the output terminals:
Vout S [_W—l37 _W—l27 _W—lla 07 ‘/l—lla W—l?a ‘/2—13]' (23)

A zero output voltage occurs when both output terminals are connected to the same
input phase. For future reference, an output voltage of zero is referred to as a passive
state, while any nonzero output voltage corresponds to an active state.

Assuming a fixed switching cycle, the duty cycle for a state z is defined as:
Ty
dy = 22, 2.4
- (24)

where T is the switching period and T, is the duration for which state z is applied to
the output terminals. Similarly, the duty cycle during which the converter is in a passive
state is called the passive duty cycle, while that for an active state is called the active
duty cycle.

When an output terminal is connected to a specific input phase, the output current
I+ flows through that phase. The direction of the current depends on which terminal

the input phase is connected to. For instance, if phase 1is connected to terminal t1, then
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L1 = Iy if connected to terminal ¢2, then ;1 = —I,u; and if not connected to any
terminal, I;,; = 0.

The input currents I, Iino, Iing have a pulse-like waveform, which is smoothed by
the input filter.

In general, during each switching cycle, the control objectives are:
- Control the average output voltage V.

- Ensure sinusoidal input currents.

- Maintain the reference input power factor.

Considering that the input voltages are continuously varying, the following notations
are introduced for future reference: Vj, > V,,, > V; represent the positive-sorted input
line-to-line voltages, with corresponding duty cycles dy,, d,, d; for their application. For
the application of negative voltages, duty cycles with a negative sign are used. According

to (2.4), the following condition must be satisfied in every switching cycle:

|dn| + |dm| + |di| + |do| = 1, (2.5)

where dy is the passive duty cycle - duty cycle in which both output terminals are con-
nected to the same phase.

The input voltages are sinusoidal signals (see Fig. 2.2). Table 2.1 shows the input volt-
ages that need to be applied to the output terminals in order to achieve a specific output
voltage V,,;. Assuming that input angle and indexes of input phases are determined as
shown in (21), Vi, Vi, and V; are composed from the phase voltages with the indexes
shown in the table depending on the angle value.

Active and passive duty cycle selection is performed to ensure the fulfillment of the
control objectives described above. Modulation techniques are discussed in greater de-
tail in the following chapter.

Once the duty cycles are calculated, the corresponding voltages must be applied
to the output terminals in the next switching cycle T,. Typically, the calculated duty
cycles are compared to a carrier signal according to a specific order, referred to as the

switching pattern. Carrier signals can have either a symmetric triangular or a sawtooth
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Figure 2.2: Input phase voltages

waveform (Fig. 2.3). The symmetric triangular form provides the benefit of a symmetric
output current waveform. In steady state, the average output current over one switching
cycle equals the instantaneous current at the start, middle, and end of the cycle. This
allows the average current to be measured at a single fixed moment within the cycle.
When using a sawtooth carrier, more advanced methods are required to estimate the
average output current if the output current ripple is non-negligible. Switching pattern
determines the order in which duty cycles are compared to the carrier. In the figure, dj, is
compared to the carrier first, d,,, is the second and dy is the third. When the carrier value
is in the range of the duty cycle ([0,d] for dy, (dy, dp, +d,n] for d,,, etc.), the corresponding
voltage is applied to the output.

Fig. 2.3 also illustrates which input voltages are connected to the output terminals for
an input angle of # = 0 rad, according to Table 21. A zero output voltage occurs when
both output terminals are connected to the same input phase. The converter performs
one commutation each time the input phase connected to any terminal changes. The
losses per commutation depend on both the current and voltage, as will be discussed in
the following sections.

The selection of the input phase for generating zero output voltage should minimize
the total number of commutations. In the pattern shown in Fig. 2.3 with a symmetric
carrier wave, either phase 1 or phase 2 can be chosen, resulting in one commutation
before and after the zero state. In contrast, choosing phase 3 for the zero state would

result in four commutations.
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Table 2.1: Correspondence between input phase numbers and line-to-line voltages

Number of input phases to connect

to terminals ¢1 and 2
Input angle range

Vi Vin Vi
[0,%) [3,2] [1,2] [3,1]
[5:3) [1,2] [3,2] [1,3]
(3:3) [1,2] [1,3] [3,2]
5, %) [1,3] [1,2] 2, 3]
o) [1,3] 2, 3] [1,2]
1%, 7) [2,3] [1,3] [2,1]
[, %) 2, 3] 2,1] [1,3]
1%, %) 2,1] 2, 3] 3,1]
5 %) [2,1] [3,1] 2, 3]
[, %) [3,1] [2,1] [3,2]
(2, 55) 3,1] [3,2] 2,1]
[1z 2m) [3,2] 3,1] 1,2]

2.2 Bidirectional switches

The bidirectional switch shown in Fig. 2.4 consists of two IGBTs with antiparallel diodes
connected together. Depending on the connection point, two variations of bidirectional
switches exist: the common-collector (CC) and the common-emitter (CE) configurations.

Each configuration has its advantages and disadvantages. The CC topology requires
fewer power supply units (PSUs) compared to CE; however, each PSU must be larger to
supply three IGBTs instead of two. This can limit available options, especially for high-
power converters. In contrast, the CE topology uses floating PSUs for each IGBT pair,
which allows more predictable behavior in terms of electrical noise. In the CC topology,
three PSUs are floating while three follow the grid.

From a PCB layout perspective, the CE topology is simpler and more efficient, as the
IGBTs of the same bidirectional switch are physically located close to each other. Based
on these considerations, the CC topology is generally more suitable for low-power con-
verters, the CE topology for medium-power converters, and in high-power converters,
each IGBT typically has a separate PSU, making the difference between topologies neg-

ligible.

Dmytro Rodkin 22



Chapter 2. Basics of AC-DC Matrix Converters Ph.D. Thesis
. Symmetric carrier wave . Sawtooth carrier wave
|
G0 N 0
| | | |
m | | | m |
————— ——m ke e e - ——— e == -
| | | | | | |
df | | | | | dfi | |
0 1 | 1 | | 0 1 |
@ | | | | | @ | |
=2 | | | | =2 |
jo ] i
E L ! cap E cap
3 I I [ 3 I
g | | | g |
. i rd rd . i ' rd i
/ h : y m 4 0 : y 0 4 m : y h b h : ¥ m 4 4]
- | | | | - |
< | | | | | < | | !
S I [ I I [ £ | | ave
3 | | | I avg 2 | |
3 I [ I I [ 3 I [
=] | | | | | = | |
= I \ I I | =l I \
| | | | |
Terminal t1 \ I I \ Terminal t1 I \
| | | | | | |
rd i i i rd i rd rd
’ in3 [ inl | ’ inl ! ’ inl | ’ inl | in3 ’ ind | b inl ‘ / in2
77777 — e e e
4 | s [ s (7 | s | 4 s | 4 | 4
’ in2 | i m2 | inl )| i inl | i in2 | y in? i in2 | i in2 | / in?
. | | | | | . | |
Terminal {2 | | | | Terminal t2 | |

Figure 2.3: Comparison of symmetric and sawtooth carrier waves. The pattern follows the
order V3, Vin, Vo. Terminal connections for input angle 8 = 0 rad are shown.

In this thesis, a common-emitter bidirectional switch is used for both simulations

and experimental implementations.

2.3 Commutation strategy

During converter operation, each output terminal can be connected to only one in-

put phase; otherwise, a short circuit between input phases will occur. As the output

terminal switches between input phases, ensuring safe commutation becomes critical.

Several commutation methods have been proposed in the literature [1, 2]. The most

common approach is the so-called four-step commutation [3]. As the name implies, the

friet

e

Figure 2.4: Bidirectional switch topologies: a) Common-collector (CC), b) Common-emitter

(CE).
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procedure consists of four steps. Fig. 2.5 illustrates the commutation process between
two bidirectional switches.

Initially, the output terminal Out is connected to input phase Ini1, with both IGBTs Sy
and S, turned on. Depending on the current direction, only one of the IGBTs conducts
the current. For example, if the current flows from the input to the output, S; and diode
Dy conduct the current.

The four steps of the commutation procedure are as follows:

1. Turn off switch Ss. The current continues to flow in the same direction through

phase Ini.

2. Turn on the IGBT of phase In2 that will conduct the current. Based on the current

direction, this is Ss.
3. Turn off the IGBT that was previously conducting current. In this case, it is Si.
4. Turn on the remaining IGBT of phase In2, which is Sy.

Depending on the voltages of the input phases and the direction of the output cur-
rent, the conduction state may change after the second or third step of the commutation
procedure. If S3 begins to conduct immediately after it is turned on, a soft commutation
occurs. If S7 continues to conduct even after S3 is turned on, and the conduction state
changes only after Sy is turned off, a hard commutation occurs. Table 2.2 summarizes
the conditions that lead to soft and hard commutations.

Atime delay, commonly referred to as the dead time, is introduced between commu-
tation steps to ensure that each IGBT is fully turned on or off before the next step. Dead
time has a negative effect on converter performance because the actual control outputs
applied to the converter differ from the reference values.

Table 2.2: Commutation type depending on input phase voltage relation and output cur-
rent direction

) } Voltage relation
Current direction 8

V;nl > V;n2 V;nl < ‘/inQ
Input — Output "hard” "soft”
Output — Input "soft” "hard”
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Figure 2.5: 4-step commutation diagram

Table 2.3: Commutation cases for different carrier waves

N  Voltage difference Current direction Commutation type

Symmetric carrier wave

1a Ving — Vint Input — Output “hard”
2a Ving — Vin1 Output — Input “hard”
3a Vin1 — Vino Output — Input “soft”
ha Vin1 — Vins Input — Output “soft”

Sawtooth carrier wave

1b Ving = Vin1 Input — Output “hard”
2b Vin1 = Vino Input — Output “hard”
3b Vina — Vins Input — Output “soft”

2.31 Switching losses

Switching losses occur in IGBTs and diodes when an output terminal switches be-
tween input phases. The source of the losses depends on the type of commutation.
During soft commutation, turn-on losses of the IGBT that begins to conduct (e.g., S3 in
Fig. 2.5) and turn-off losses of the diode (Ds) occur. In contrast, during hard commuta-
tion, turn-off losses of the IGBT that was previously conducting (e.g., S1) occur.

Fig. 2.6 shows the switching losses of the IGBT and diode for the Infineon IGBT with
antiparallel diode (IKY5S0N120CH7) used in simulations and experiments. The losses are

approximately linearly proportional to the current magnitude and the voltage difference
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before and after the commutation. Therefore, the selection of the switching pattern has
a direct influence on the total switching losses during operation.

In Fig. 2.3, patterns with symmetric and sawtooth carrier waves are compared for an
input angle of # = 0 rad. Table 2.3 provides a comparison of the commutation types
for both patterns. The symmetric carrier wave pattern results in four commutations per
cycle, while the sawtooth carrier pattern results in three commutations (including the
inter-cycle commutation). Despite this apparent advantage, the voltage difference in
commutation 3b (Vj,3 — Vin2) equals the sum of the voltage differences in commutations
33 (Ving — Vin1) and 4a (Vi1 — Vipo), leading to very similar power losses for both patterns
when taking the curves in Fig. 2.6 into account. This analysis can be extended to other
patterns and input voltage angles.

Considering the analysis above and the benefit of achieving a symmetric output cur-
rent waveform, this thesis focuses on the study of switching patterns with a symmetric
carrier wave.

Half of the commutations are always "soft” and half - "hard” for the symmetrical

carrier due to its structure. Power losses per one cycle for symmetrical carrier wave are

2 n—1

Pow—10ss = Z ( Z eigbt—on(iouta Vdif f (t7 S)a T])
t=1 s=1
n—1

+ Zeigbt—off(ioutavdiff(ta 5)7Tj) <2'6)

s=1

n—1

+ ) Cdiode—of f (lout, Vaigf (£, 5), Tj)) fpwm

s=1

where n is a number of states per half cycle; vg;¢f(t, ) Is a difference between output
voltage in two adjacent states vg; s ¢(t, 5) = vout(t, s+1) —vou(t, 5); t is a terminal number;
T is a junction temperature; e;ghi—on, €ight—off are turn-on and turn-off losses in IGBT;

€diode—off - turn-off losses in diode.

2.4 Input filter

The input filter of the AC-DC matrix converter serves the purpose of reducing the

harmonic content of the input currents. The most common filter type is a single-stage
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Figure 2.6: Switching losses of IGBT and diode for IKY50N120CH7. Junction temperature
T; = 20°C
LC filter [4] (see Fig. 21).

When selecting elements for the filter, several considerations have to be taken into

account [5-7]:

- Input current and voltage displacement at low power should be minimal. Depend-
ing on power quality requirements, exact values can differ. In [5], the input filter
is chosen so that the input power factor is greater than 0.8 at 30% of rated power.

The following formula is used for the calculation of the input filter capacitor C:

Cy (27)

2
WeridV;_;

where P, IS the minimum power at which the power factor requirement applies,
PF i is the minimum allowed power factor at Ppin, wgriq 1S the grid angular ve-

locity, and u;_; is the line-to-line voltage.

- The voltage drop across the inductance should be minimal so as not to limit the
maximum output voltage of the converter. The maximum voltage drop Aw at full

load for a given inductance is

By ot () (29)
Upi WeridLs f Uy .

where 7,, and u,, are the rated input phase current and voltage, respectively.

- One of the benefits of the converter is its reduced size compared to two-stage
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Input side

converters; therefore, input filter elements should be chosen to keep the filter as

compact as possible.

- The resonance frequency of the filter has to be lower than the switching frequency
of the converter but higher than the grid frequency. The input filter inductance is

calculated as
1

Li=——
f w2C'y

(2.9)

2.5 Clamp circuit

The clamp circuit is designed to protect the converter from overvoltages on both the
input and output sides, particularly during fault conditions [8]. The traditional clamp
circuit is shown in Fig. 2.7. It consists of two high-speed bridge diodes connected to a
capacitor. When a fault occurs, or when operation stops while there is residual induc-
tive current in the load and the bidirectional switches are turned off, all energy stored
in the load is dissipated in the capacitor Cggmp. Without the clamp module, overvolt-
age may occur, potentially causing damage to the switches, since the converter has no

freewheeling paths.
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2.6 Chapter Summary

This chapter presented the fundamental principles and operation of the AC-DC matrix
converter, a single-stage topology that directly converts three-phase AC input voltages
into a controllable DC output without intermediate energy storage. Owing to its buck-
type characteristic, the output voltage is limited by the input line-to-line voltages. The
converter, however, enables sinusoidal input currents and controllable power factor op-
eration.

The conversion process relies on appropriate switching of bidirectional devices to
connect the output to the input phases, thereby synthesizing the desired output voltage
from discrete line-to-line voltage levels. The modulation strategy, based on controlling
the duty cycles of selected switching states, is essential for achieving a smooth output
voltage while maintaining desirable input current characteristics.

The chapter also discussed key auxiliary components. An input filter is required to
attenuate switching harmonics and ensure compliance with grid requirements, with its
design involving a trade-off between performance and resonance constraints. Addition-
ally, a clamp circuit is necessary to protect the converter against overvoltages caused by

the lack of natural freewheeling paths.
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Chapter 3:

Modulation methods of AC-DC matrix con-

verters

Several modulation methods exist for calculating duty cycles in AC-DC matrix con-
verters. In the first section, a comparison of the existing modulation methods for AC-DC
matrix converters is presented. This is followed by an assessment of power factor vari-

ation for the converter.

3.1 Review of modulation methods

This section presents the main modulation techniques: duty-cycle modulation, space-
vector modulation, and duty-cycle space-vector modulation. Under identical operating
conditions, each modulation method can achieve the same output results. However,
there are several degrees of freedom when calculating duty cycles, and the way these
degrees of freedom are managed differs among the methods. This makes the choice of

a particular modulation method dependent on the specific objectives to be achieved.

3.11 Duty cycle modulation

The output voltage of an AC-DC matrix converter, denoted as V}, is expressed by the
equation:

Vi =di(Va— W) +do(Vyy — Vo) + ds(V, — Vi) (31)

o

Here, d1, ds, and ds represent the active duty cycles. The variables V,, V;, and V.. denote
the ordered set of the input voltages {Viu1, Vin2, Vins} arranged in non-increasing order,
such that

Vo >V > Ve,
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where

Va - maX{Vz‘nlan%Vim}, ch - mm{le, V;n27 V;n?:}a

and Vi, € {Vip1, Vin2, Vina} \ {Va, Ve } denotes the intermediate value.
The duty cycles dy, do, and d3 correspond to the application of the voltage vectors

Vaw, Ve, and Vi, respectively, defined as
Vab:Va_Vl-n %c:%_‘/ca Vac:Va_‘/c-

Negative duty cycles indicate that the corresponding voltage vector is applied with re-
versed polarity. V* denotes the output voltage reference.

To ensure correct operation, the following constraint must be fulfilled:

|dy| + |do| + |d3] +do =1 (32)

Achieving a unity input power factor requires the following condition to be satisfied:

E — E — E (3 3)
I, I, I '
In this expression, I, I, and I. denote the instantaneous input currents of each respec-

tive phase, which can be calculated as follows:

I, = dljdl + d3[d3
I, = *dlldl + dg]d2 (34)

I. = —daly, — d3lg,

Here, I, represents the average output current associated with the active duty cy-
cle d,, where z € [1,2,3]. The condition in (3.3) must be maintained throughout each
switching period. The system of equations (3.1), (3.2), (3.3), and (3.4) can be solved for dy,
do, and ds3 [1].

As previously mentioned, the use of a triangular carrier results in symmetrical volt-
age and current waveforms. Consequently, the average current during any given duty

cycle is identical to the overall average output current, I,,¢, throughout the PWM period.
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Therefore, Iy = 14, = I, = Ig,.

As a result, (3.3) and (3.4) can be simplified as:

Va Vi Ve

_ _ (3.5)
dy+d3 —di+dy —dy—ds

Equations (3.5) and (3.3) are valid only for a unity input power factor. The phase
voltage-to-current relationships, taking into account the displacement angle ¢ between

current and voltage, are expressed as:

Vasin(0a +¢)  Vesin(0y +¢)  Vesin(fe + )

Isin(0,)  IDsin(8,)  I.sin(6,) (36

Here, 6,, 0, and 6. are the input angles of the voltages V,, V4, and V... The input angles are
determined from the phase voltages V;,1, Vin2, and V;,3 depending on the input voltage
angle 6. For example, for 6 in the region [0, ), 6, = 6 + %’r 0, =6,and 0, =0 — %”

Relations (3.3) and (3.6) consist of two equations with thee variables, meaning that
one of the duty cycles can be chosen freely. Switching losses can be reduces if one of
the active duty cycles is set to zero. Below are examples of the solutions to the system
of equations (31), (3.2), (3.6), and (3.4).

Duty cycle d; = 0:

A sin(Oy + @)
2 sin(bq + ¢)
V*
d 0 (37)
P A — Vo) +Va— Ve
dy = Agzds
Duty cycle dy = 0:
Ao sin(0y + @)
B sin(0. + )
V*
ds = ° (3.8)
P AV — Vo) + Ve — Ve
di = Ay3ds
Duty cycle ds = 0:
Aoy — sin(fq + @)
2 sin(f: + ¢)
V*
dy = 0 (3.9)
T An(Va- V) + V- Ve
di = —Aj2ds

\
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Duty cycle dg = 0 (assuming positive dy, do, d3):

Ay = sin(fq + ¢)
sin(f. + @)

dy = Vo=V + Vet Az (Vo — W)

—A13(Va = Vo) + Vi = Vo (310)
dy = Vo = Ve + Aoz (=Vo + Vo + V)
—A3(Va = Vi) +Vp = Vo
ds = Vi = Vo4 Vet Aras(Vo — Vo = V)
—A3(Va = V) + V= Vo

The highest, medium and the lowest line-to-line voltages introduced in the previous

chapter, can be derived also from V,, V}, and V.

Vh = Vac

Vb, Vol 1 Vi > Ve (311)
[Vm7 ‘/l] ==

[V, Vap]  Otherwise

And corresponding duty cycles:

dp = ds3

[di,d2] if Vap > Ve (312)
[dm7 dl] -

[da,dq] otherwise

3.1.2 Space-vector modulation

As discussed in the previous chapters, the six bidirectional switches of the converter
are commutated in such a way that each output terminal is connected to one input phase
at any moment of time, resulting in nine possible states at the converter output. Six of
these states are active and apply one of the line-to-line voltages to the converter output,
while three are passive states, in which both output terminals are connected to the same
input phase. In space-vector modulation, each state is represented as a vector forming
a space-vector hexagon (Fig. 31) [2, 3].

The direction of each vector is determined by the input phases used for its creation.
The subscripts of the vectors I, indicate the phase numbers used in the vector. The

hexagon is divided by the active vectors into six sectors. Vectors ¢ and v represent the
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reference input current and input voltage vectors, respectively, and are displaced by the
angle ¢. The direction of v is determined by the input angle 6. In every real-time cycle,
the sector is selected based on the direction of the current vector i. Once the sector
is determined (in Fig. 31, 7 is located in sector I), the relative angle within the sector is

calculated. If the input voltages are defined as in (2.1), then 6, is given by

s = mod (9 + g + g + o, g) (313)

In conventional SVM, two adjacent active vectors within the sector and a passive
vector are combined to reconstruct the reference input current vector i. The magnitude

of the vectors is determined by the modulation index and the displacement angle ¢:

d,«:g m sin(z—Qs)

3 |cosy| 3 (314)
2 m '

dy == (0

73 |cos<p\8m( )

where d, and d; are the duty cycles of the projections of the current vector to the right
and to the left side of the sector (see Fig. 3.1), respectively, with respect to the direction

of 4. The modulation index is defined as

m = —2 (315)

According to the definition in (315), m € [01.5]. For this reason, d, and d; are multi-
plied by 2 in (3.14).
After calculating d, and d;, the input phases used for duty cycle application are de-

termined based on the sector number.

3.1.3 Duty cycle space-vector modulation

A different modulation strategy is presented in [4, 5], originally developed for AC-AC
matrix converters [6]. In contrast to conventional duty-cycle or space-vector modulation,
duty-cycle space-vector modulation (DC-SVM) calculates the duty cycle of each individual
bidirectional switch state for the subsequent PWM cycle, rather than determining duty

cycles for specific line-to-line voltage applications. Moreover, the method introduces a
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Figure 3.1: Space-vector modulation diagram: full hexagon (left), sector I (right)

freely selectable vector, representing additional degrees of freedom in the system, which
can be tuned according to specific performance objectives.
The input voltage w and input current i space vectors (see Fig. 311) can be decomposed

into components as

Vi =V Qg

(316)
’L@k =7q- Qg
where k € [1,2, 3] denotes the input phase number. @, is defined as
@ = & 5 (k1) (317)

If the direction of the desired input current vector is expressed as a unity vector %ef,
then the reference vector my can be obtained as

—— 2 V;)*Eref

= 318
ma= 5ot (318)

The reference vector my has the same direction and magnitude as the vector i in SVM.
The strategy assumes the use of a symmetric carrier wave. The result of the modu-
lation is the duty cycles for each output terminal separately, under the assumption that

each output terminal is connected to each input phase only once per switching cycle.
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The sequence of input phase connections is chosen freely.
Since at any moment each output terminal must be connected to an input phase, the

sum of the duty cycles for each output terminal within one cycle equals 1

Mmp1+mp2 +Mmp3 = 1 (3.19)

where my,; is the duty cycle of terminal h € [1,2] connected to input phase k. Geo-
metrically, the output terminal state can be represented as a point inside an equilateral
triangle (Fig. 3.2a). In this representation, the duty cycles correspond to the lengths of
the perpendiculars from the point to the sides of the triangle.

The states of both output terminals are determined by the positions of the initial
point and the terminal point of the vector my,. If either point lies outside the triangle,
the operational point cannot be reached for the given my and my. The vector mg de-
termines the relative position of my within the triangle. The selection of g introduces
additional degrees of freedom, and its proper choice can lead to a reduced number of
commutations per cycle and improved input and output current distortion (Fig. 3.2b).

A reduced number of commutations can be achieved if the initial and/or terminal
point of my, is placed on a side or a vertex of the triangle. In this case, the corresponding
input phase is not used for commutation.

If my is defined as shown in Fig. 3.2b, such that the initial point is equidistant from
the three sides of the triangle and the vector points toward the center of my, then the
duty cycles of the output terminals can be calculated as

1 )hflmd - Qg

Mhk =3 + (-1 5 + o - e (3.20)

The fact that DC-SVM generates duty cycles for each output terminal, rather than
directly for specific line-to-line voltages, may represent a limitation in some cases. Ad-
ditional computational steps are required either to determine the applied line-to-line
voltages for a given my and phase order, or, conversely, to calculate the appropriate mg
and phase order required to obtain a desired line-to-line voltages at the output.

On the other hand, this formulation offers important advantages. Since the output

terminals are controlled independently, the number of commutations per cycle can be
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Figure 3.2: Geometrical representation of duty cycle space-vector modulation

managed in a more straightforward manner. Moreover, in certain operating conditions,
this approach enables smooth transitions between switching patterns, as will be dis-

cussed in more detail later.

3.2 Modulation methods comparison

In this section, space-vector modulation is compared with other modulation methods
employing different selections of active duty cycles under various operating conditions.

Conventional space-vector modulation does not provide freedom in selecting active
duty cycles, in contrast to duty-cycle modulation or DC-SVM. In SVM, the active duty cycles
are predefined for each sector. In DC-SVM, the selection of active duty cycles can be
adjusted through an appropriate choice of my.

Figure 3.3 compares the modulation methods presented in (3.7), (3.8), (3.9), (310), and
(314). Each plot shows the dependence of the modulation index on the input angle. The
blue area represents the feasible modulation indices for a given set of input line-to-line
voltages and a specified displacement angle . Since the system is symmetric with a
period of %, the presented results can be extended to the entire input voltage period.
The green region highlights the voltage set applied for each input angle in SVM. Voltages
above the figures indicate voltage vectors that were used for modulation. Absence of

certain vector show that the corresponding duty cycles is set to 0. Feasible areas were
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determined by calculating duty cycles for each pair of input voltage-modulation index
and checking whether condition (3.2) is fulfilled.

In the space-vector diagram (Fig. 3.1), v indicates the direction of the voltage vector.
The projections of w onto the vectors I, correspond to the instantaneous line-to-line
voltages associated with these vectors. Consequently, the closer the vector I, used
in the modulation is to 7, the higher line-to-line voltage used in the modulation. For
¢ = 0rad, SVM operation corresponds to the use of voltage set V4, Vi,,, 0 in duty-cycle
modulation.

When ¢ # 0, there exist input angle intervals for which the voltage set changes. For
|| < Z, switching occurs between the sets V4, V;,,,0 and V;, V0 (see Fig. 3.3b). For
% <|p| < %, the sets Vi, Vi, 0, Vi, V7,0, and Vi, V7,0 are used (see Fig. 3.3c and Fig. 3.3e).
For 7 < |¢| < 5, the sets V4, V;,0 and V,,,, V;, 0 are applied (see Fig. 3.3d).

As shown in Fig. 3.3, SVM inherently selects the voltage sets that yield the highest
feasible modulation index, which constitutes an important advantage of the method, as
the maximization of the output voltage range is achieved automatically.

The feasible modulation index my as a function of ¢ is defined as

3
my < icos(go) (3.21)

According to Fig. 3.3, the use of V},, V;,, and V; (without the 0 state) in the modulation
enables the achievement of the maximum voltage range for any power factor. However,
since three active duty cycles are involved, additional degrees of freedom must be prop-
erly managed to reach this maximum range. Certain operating points can be obtained
through multiple combinations of active duty cycles. Figure 3.4 shows the admissible
regions for different voltage sets with varying duty-cycle signs. The superscripts of the
voltages in the legend indicate the sign of the associated duty cycle. It should be noted
that V3, V,,, and V; are always positive as defined in (3.11); negative duty cycles indi-
cate that the corresponding voltage is applied with inverted polarity. As a result, the
full operational range can be achieved using V;, V,,,, and V; only if at least one of the
voltages is applied with inverted polarity. Certain operational points can be achieved
using several sets of voltages (taking into account changing polarity). Low modulation

index zone (shown with blue color) is achievable only if V}, is negative or V,,, and V; are
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Figure 3.4: Output voltage to input angle maps for various power factors when V3, Vi,
and V; are used for modulation. The signs of the corresponding duty cycles are taken
into account.

negative. This approach has several disadvantages, such as increased switching losses
and increased output current ripple, as will be demonstrated in more detail later.
Alternatively, the voltage sets V,,,V},0 and VJ,VJ{,V,* can be used to achieve the
same voltage range as standard SVM. The selection of the voltage set is governed by the
fulfillment of condition (3.2). If this condition is not satisfied, the required modulation
index cannot be achieved for a given operating point. This approach has been discussed
in [5] for DC-SVM and in [7-9] for SVM. In [7], a modified SVM is presented in which switch-
ing between the voltage sets V;,,, V;,0and Vj,, Vi, V; is based on the magnitude and sector
of the current vector. This method is applicable only for unity power factor and becomes
unsuitable when the power factor deviates from unity. In [8, 9], operation at high mod-

ulation indices and power factors close to unity is considered, and compensation of the
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displacement angle introduced by the input filter is addressed in [9]. The solution pro-
posed in [5] accounts for power factor variation and remains applicable over the entire

operating range.

3.3 Chapter Summary

In this chapter, modulation methods for the AC-DC matrix converter have been pre-
sented, focusing on the calculation of duty cycles. It has been shown that different
modulation techniques can produce the same output results under the same operating
conditions, while differing in the way the degrees of freedom in the duty-cycle calculation
are used.

Duty-cycle modulation determines the duty cycles directly from weighted differences
of the input phase voltages. In contrast, space-vector modulation represents the same
guantities in a vector form, from which the duty cycles are then derived. The duty-cycle
space-vector modulation method differs in that it provides the switching states of each
terminal directly, rather than explicitly calculating the duty cycles.

Overall, the methods differ mainly in their formulation and in the way the switching
sequence is generated, while leading to the same output quantities. The choice between

them therefore depends on the preferred representation and implementation.
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Chapter 4:

Optimal Switching Pattern Selection

Several switching patterns have been proposed in the literature and compared with
conventional approaches. However, most studies focus on a limited subset of patterns
and do not demonstrate their global optimality. To address this limitation, the method
presented in this chapter systematically evaluates the complete set of possible switch-
ing patterns and incorporates optimization within each pattern to further minimize the
output current ripple. Importantly, switching losses are also taken into account, ensuring
that ripple reduction is not achieved merely by selecting patterns with a higher number

of commutations.

4.1 Pattern classification

Fig. 41 illustrates several examples of possible switching patterns. Each pattern is
characterized by its commutation sequence during the first half of the PWM cycle, while
the second half mirrors this sequence. For example, in the pattern hm0, the output is
sequentially connected to the highest voltage level V, the medium voltage level V,,,, and
finally to the zero voltage level V4. All patterns shown in Fig. 41 apply only V4, and V;,, to
the output; the lowest voltage level is omitted by setting the corresponding duty cycle q;
to zero. The signs of the [, m, ] patterns are specified using superscripts (for example,
[hT,m™T,1%]) to distinguish patterns with different voltage polarities. Duty cycles dy, dy,
drrr, dry, dy in the figure represent duration of each state in the pattern.

For future reference, rst denotes a specific pattern in which the output terminals are
sequentially connected to V,,, Vi, and V;. The notation [r, s, t] refers to a set of patterns
that connect the output terminals to the specified voltages in any order and with any
number of states.

Patterns such as 0h0m0 and 0hmO0h contain five switching states per half-cycle, whereas
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Figure 41: Examples of possible switching patterns

the hm0 pattern comprises only three. While an increased number of states per half-
cycle leads to higher switching losses, it also introduces additional degrees of freedom
for modulation. In particular, a pattern with three states per half-cycle has no degrees
of freedom, whereas patterns with four and five states provide one and two degrees of
freedom, respectively.

For example, in [1, 2], the distribution of the passive duty cycle in the pattern 0h0mo0 is
investigated with the objective of minimizing the output currentripple I,;pp. Specifically,
the duty cycles dy, drr7, and dy can be freely selected, provided that they are positive and
satisfy the constraint dg = dy + djr; + dy. The optimized distribution is then compared
with the standard case in which d;;; = 2d; = 2dy, corresponding to equal zero-voltage
intervals.

Similarly, the pattern 0hmOh also provides degrees of freedom in the selection of
the duty cycles that constitute dj and dy. Figure 4.2 compares the optimized and non-
optimized implementations of the 0hmOh pattern.

Table 41 shows existing research of pattern selection and optimization. Generally pa-
pers in Table 41 focus on a specific patterns and compares them to a standard solutions,
showing superior performance of the proposed pattern. However, optimizing a specific

pattern to minimize output current ripple does not necessarily yield the optimal trade-
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Figure 4.2: Comparison of standard (a) and optimized (b) pattern 0hmOh

off between I, and switching losses. This is because there is always the possibility
that another pattern, when properly optimized, could result in a more favorable compro-
mise. Therefore, a comprehensive analysis of multiple patterns is essential to identify
those that offer the best balance between output current ripple and switching losses.
To this end, this thesis investigates patterns comprising three, four, and five switching
states per half-cycle.

Limits are chosen considering that three switching states per cycle is a minimum to
provide necessary output voltage and sinusoidal input currents. Five switching states
appear in some operation conditions if output terminals are connected to each input
phase once per cycle (i.e., 0h0mO0).

The total number of distinct patterns with five switching states per half-cycle can be

determined as follows. Assuming that the applied voltage must change in every state,
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Table 41: Existing research on switching pattern selection and optimization

Reference Switching Patterns Key Characteristics

(3] mThtlT for higher Achieves a smooth transition be-
modulation indexes tween patterns for all power factors
and mo0l for lower using DC-SVM.
modulation indexes

(4] Three state [T, m™,1*] Focuses exclusively on high modu-
patterns (mThTit for lation index operation.
unity power factor)

(5] mThTITht for unity Considersonly high modulation in-
power factor dex operation, with a focus on op-
timizing the states within the pat-
tern.
[1] 0h0mO Concentrates on the optimization

of passive states within the pattern
to minimize ripple.

(2] Ohm, hOm, hm0, 0hm0  Optimizes the passive states for the
0hm0 pattern to minimize output
ripple.

(6] 0h0m0, 0hOm, OhmO, States that the 0hOm pattern min-

h0mO, Ohm, hOm, hm0  imizes total harmonic distortion
(THD) of input current, Ohm max-
imizes efficiency, hm0 and hOmoO
have lowest output current THD.

[7] mThtlT for higher The proposed transition strategy
modulation indexes between patterns is effective only
and [m0O for lower fora unity power factor.
modulation indexes

there are seven possible structural templates: rsrst, rsrts, rstrs, rtsrs, rstsr, trsrs, and
rsrtr, where r, s, and ¢ denote three different duty cycle selections. For any specific set
of voltage levels (e.g., [k, m,0]), the sequence (r,s,t) can be permuted in 3! = 6 distinct
ways (i.e,, 0mh, 0Ohm, mOh, mh0, hOm, and hm0). Thus, for each template, there are 6
unigue permutations, resulting in 7 x 6 = 42 possible patterns per voltage set. Since
there are ten such combinations of voltage levels—namely [h,m,0], [h,l,0], [m,1,0] and
7 possible sets for [h,m, 1] depending on the duty cycles sign (excluding V,~,V,,,V,7) —
the total number of patterns with five states per half-cycle is 10 x 42 = 420.

Similarly, patterns with four switching states have three structural templates: rstr,
rsrt, srtr. Leading to 10 x 6 x 3 = 180 patterns with four states per cycle. Total amount

of patterns with three states is 10 x 6 x 1 = 60.
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The patterns discussed above contain only three unique states. For the patterns with
four and five states per cycle it is possible to have all four distinct states [k, m,,0]. Five
state patterns in this case have six structural patterns: rstur, rstru, rsrtu, srtru, srtur,
strur. The sequence (r,s,t,u) can be permuted in 4! = 24 distinct ways. Total amount
of patterns is 6 x 24 = 144. Total amount of four state patterns is 24.

As a result total amount of patterns to consider is 828.

4.2 Optimization approach

Patterns with four and five states must be optimized in order to exploit the additional
degrees of freedom they provide. Since manually determining the optimal duty-cycle
distribution for each pattern is impractical, the problem is formulated as a constrained
optimization. The cost function is defined as the maximum output current ripple over

one switching period, while the independent variables are the duty cycles:

minimize  Inippiemaz (Zopt, M, L, Ts, 8, pattern) (41)
zopte[ovl]

where zop¢ IS the vector of optimization variables and L is the output inductance.

The constraints depend on the specific pattern being optimized and are specified in
the following subsections.

The quantity Irippie,maz 1S defined as

Im’pple,max = 1gr£§§n,, Iout(k) - 1§T§ignp Iout(k:) (4-2)

where n), is the number of states in the pattern within a half-cycle, and I,,:(k) denotes
the output current value after state %.

The general equation describing the output current is

dI out
dt

L =V — Veap (4.3)

where V, is the converter output voltage defined by (311), and V., is the output capacitor

voltage.
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After substituting (3.1) into (414), the output current after each state of a given pattern

can be expressed as

2np

T,
Lout (k) = Tinit + 7D (Viedk = Veap|di]) (4.4)
k=1

where I, 1s the initial current value at the beginning of the switching cycle, di, is the duty
cycle applied during state k, and V; is the line-to-line voltage at the output terminals

during state k.

4.21 Five-state switching patterns with three distinct states

Five-state switching patterns with three distinct states can be divided into two groups.
Inthe first group, two distinct states appear twice during the half-cycle: rsrst, rsrts, rstrs,
rtsrs, rstsr, trsrs. In the second group, one distinct state appears three times during
the half-cycle: rsrtr. An example of the first group is 0hmOh, while an example of the
second group is 0h0m0. The formulation of constraints and the associated optimization
problems differs for each group.

For patterns in which two distinct states appear twice during the half-cycle, the con-
straints are formulated as

subjectto 0 < zppi(1) < |dopr (45)

0< Zopt(2) < |d0pt2’

where d,,; denotes the duty cycles of the states that appear twice per half-cycle. For the
pattern 0hmoOh, dopt1 = do and dopr2 = dp,.
Assuming that dyp1 is applied at two states k1 1 and k12 (1 < ky1, k1.2 < nyp), the duty

cycles at these states in the optimization problem are defined as

dk1,1 = dOPtl - Sign(doptl)zopt(l)

dk1,2 = sign (doptl)zopt(l)
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Similarly, for dop2 the corresponding duty cycles are defined as

iy, = dopt2 — SI8N(dopt2) 2opt(2) 47)

dk‘2,2 = Sign (dopt2)zopt(2)

For the pattern 0hmOh, dj, is applied in states Il and V (see Fig. 41); therefore, d;; =
dp, — sign(dp)zept(2) and dy = sign(dp,) zopt(2).
For patterns in which one distinct state appears three times during the half-cycle, the

constraints are formulated as

subjectto  zep(1) >0
Zopt(2) > 0 (4.8)

Zopt (1) + Zopt (2) < |dopt1]

Assuming that d,,1 is applied at three states ki 1, k12, and k13 (1 < k11, k12, k13 <

np), the duty cycles at these states in the optimization problem are defined as

dk1,1 = doptl - Sign(doptl)zopt(l) - Sign(doptl)zopt(z)
dkl,z = Sign(doptl)zopt(l) (4-9)

dkl,:a = Sigl’] (doptl)zopt(Q)

For the pattern 0h0mO0, dy is applied in states |, Ill, and V (see Fig. 41); therefore,

dr = do—sign(dy)zopt (1) —SigN(do) zopt (2), dr11 = SIN(do) Zopt (1), and dy = sign(do) zopt (2)-

4.2.2 Four-state switching patterns with three distinct states

Four-state switching patterns with three distinct states have identical constraints and
optimization problem formulation as five-state switching patterns with three distinct
states in which two distinct states appear twice during the half-cycle. The only difference
is the presence of only one repeating distinct state.

The constraints are defined as

subjectto 0 < zopt(1) < |dopr | (410)
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Assuming that d,1 is applied at two states k1 1 and k12 (1 < ky1, k12 < nyp), the duty

cycles at these states for the optimization problem are defined as

diyy = dopt1 — SI8N(dopt1) Zopt (1) 671)

dkl,z = Sign<d0pt1)zopt<1)

4.2.3 Five-state switching patterns with four distinct states

Patterns with four distinct states (V3,, Vi, V4, 0) have an additional degree of freedom
compared to patterns with three distinct states (two active duty cycles). This degree of
freedom can be used for pattern optimization to further decrease the output current
ripple. At the same time, duty cycle calculation and pattern optimization are no longer
separate steps, which significantly complicates the optimization procedure. In total, five-
state switching patterns have two degrees of freedom: the first degree arises from the
possibility to freely distribute one duty cycle between repeated states (as in the previous
cases), and the second degree arises from the presence of three active duty cycles in the
pattern.

Constraints are formulated as

subjectto  —1 < zpu(1) <1 (412a)
0< zopt(2) < |dopt1| (412b)
|d1] + |de| + |ds| < 1 (412¢)

where the duty cycles are calculated from (31) and (3.6) as

d3 = zopt(1)

Vi — Vds — Veds)sin(0. + @) + (Vads — Vids)sin(b, + ¢)
(Vo — Vi)sin(0, + @) + (Ve — Vi) sin(0. + ¢)

(Vg — Vads — Vids)sin(0a + ) + (Vads — Veds)sin(0. + )
(Va = Vi)sin(ba + @) + (Ve — Vi) sin(0. + @)

dy =

(413)

dy =

Unlike the previous cases, the limits (412a) and (412b) for z,,: cannot be directly
enforced, as the duty cycle values change during the optimization process. Constraint

(412c) is therefore added to ensure that z,, (1) does not violate condition (3.2).
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Assuming that d,1 is applied at two states k1 1 and k12 (1 < ky1, k12 < nyp), the duty
cycles at these states for the optimization problem are defined as in (411). Condition
(412a) can be verified only after the optimization process is completed, since doy is
not known a priori. If the condition is not fulfilled, the optimization result is discarded
and the process is repeated with different initial conditions. In general, for this type of
pattern, the optimization must be executed for each operating point with several hundred

randomized initial conditions to avoid convergence to suboptimal values of z.

4.2.4 Four state switching patterns with four distinct states

Four-state switching patterns with four distinct states require a simplified optimiza-
tion process compared to the previous case. The pattern has one degree of freedom due
to the presence of three active duty cycles. The optimization constraints are given in

(412a) and (412¢), and the duty cycles are calculated as in (413).

4.3 Pattern selection results

All patterns are optimized as needed and subsequently analyzed. Due to space limi-
tations, the complete results for every pattern cannot be presented; instead, intermedi-
ate results are shown for selected patterns at unity power factor. Afterward, the final list
of patterns and modulation schemes that yield optimal results is provided, along with a
comparison to standard techniques.

For the following tests, the output current ripple is normalized as

L

ipple,p.u. — Tipple,maxm (414)
mag-s

I,

to remove dependence on specific system parameters.
After optimization, the duty cycles within each switching cycle are distributed to min-
imize the output current ripple. Optimization must be performed for every combination

of modulation index and input voltage angle.
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4.31 Output current ripple variation within one input voltage period

Assuming that the switching frequency is significantly higher than the grid frequency,
the maximum output current ripple within a single PWM cycle is shown with respect to
the input voltage angle. In this subsection, the maximum ripple is presented for the pat-
terns [h,m, 0], [m,[,0], and [hT, m™,[*] with different numbers of states. These patterns
were selected for presentation because they are the most frequently referenced in the
literature. Standard SVM converges to the use of [h, m, 0] patterns for unity power factor
(Fig. 3.3), whereas the pair [m,,0] and [T, m™, "] is employed in [5, 7] to reduce output
current ripple.

Fig. 4.3 shows the dependence of the maximum output current ripple for the opti-
mized [h, m, 0] patterns on 6, given a modulation index m = 1. P1, P2... P8 in the figure
are pattern groups. Each group contains of the several patterns that have identical ripple.

Patterns with 5, 4, and 3 states per half-cycle are presented separately. There are 42,
18, and 6 possible patterns for the 5-, 4-, and 3-state cases, respectively. As seen from
the figures, the 5-state patterns can be grouped into 8 distinct groups, 4-state patterns
Into 4 groups, and 3-state patterns into 2 groups. The distribution of patterns within each
group is shown in Table 4.2. The group number is determined by the average ripple over
one grid period, with smaller group numbers corresponding to lower average ripple.

Because a symmetric carrier wave is used, mirrored patterns exhibit identical out-
put ripple (e.g., hOhm0 and 0mhOh) and therefore belong to the same group. The pat-
tern 0hOmO optimized in [1] belongs to the group P4P:tetes whereas there exist groups

[h,m,0]

Pl‘[”,fﬁgf(ﬁs, PQ?ﬁf;ijﬁs, and P3[5}f7'fr‘jf0@f that achieve lower ripple within one grid period. Sim-
ilarly, the pattern 0hm0 optimized in [2] belongs to the group P2f‘,fﬁgf§]3.

Fig. 4.4 and Table 4.3 present the same type of results for the patterns [m,{,0] with
3 and 4 states per half-cycle. The modulation index is m = 0.5. Five-state patterns are
omitted, as they are distributed across a larger number of groups compared to [k, m, 0],
making their presentation in a single figure impractical. Since the results in this section
are intended to be intermediate, it was decided to exclude the 5-state patterns. The
pattern im0 proposed in [7] belongs to the group Plf’;}jflf‘é]es, which achieves the best

ripple performance among the 3-state patterns at the given PWM frequency. In contrast,

the pattern m0l presented in [3] belongs to P2:[”7;f%]e8, resulting in suboptimal ripple.
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Figure 4.3: Normalized output current ripple for the optimized patterns [h, m,0] with
different amount of states. Modulation index m = 1. ¢ = 0 rad.

Fig. 4.5 and Table 4.4 show the same type of results for the patterns [A*, m™,[*] with
3 and 4 states per half-cycle. Five-state patterns are omitted for the same reason as in
the previous sections.

The papers [7], [4], and [3] propose the use of the pattern m™h™I™ for higher modula-
tion indexes; this pattern belongs to the group P2?éﬂ?jff7l+], which does not achieve opti-

mal ripple given an identical PWM frequency. In [5], the pattern mThTITh™ is proposed,

0.15

0.1F

Normalized ripple, p.u.
Normalized ripple, p.u.

0.05

0 /12 pi/6 /4 pi/3 0 /12 pif6 /4 pi/3

Input voltage angle, rad Input voltage angle, rad
(a) 4-state patterns (b) 3-state patterns

Figure 4.4: Normalized output current ripple for the optimized patterns [m, [, 0] with dif-
ferent amount of states. Modulation index m = 0.5. ¢ = 0 rad.
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Table 4.2: Pattern distribution within groups for the optimized patterns [h,m,0] with
different amount of states

(a) 5-state patterns (b) 4-state patterns
Group Number Pattern Group Number Patterns
P15 states Othhr 0hmOh P]_Elhsinatg]s mOhO, 0hOm
[hym,0] h0mh0, hOhmO0 —

5 stat P24 states hOhm, mhOh, Omh0
P2p states mOhOh, hOhOm [h,m,0] OhmO, hmOh, hOmh

[h,m,0]
hmOh0, mhOhO

mO0hm, mhOm, OmOh

5 states 4 states
P 3[h,m,0] 0hOhm, OhOmh Ps[hvmvol mOmh, hOm0, hm0Om
P45 states mOhOm, 0m0h0 P44 states Omhm, mhm0
[h,m,0] 0h0m0, hOmOh [h,m.0] Ohmh, hmh0
m0mh0, m0OhmO
P5g s OhmOm. OmhOm (c) 3-state patterns
hmOhm, hmOmh, mhOmh Group Number  Patterns
5 states thhm’ Ohmh0 3 states
POlomol  omhm0, homhm, hmhoh Plimo ™m0 hOm
hOhmh, mhmOh P23hstates 0hm, mh0
0mO0mh, 0m0Ohm, hOmOm [h,m0] hm0, Omh
P75 states mO0mOh, mhOmO0
[h,m,0] hmO0mO0, mOmhm, mOhmh
hmh0m, mhmOm
g5 states hmhm0, mhmh0
[h,m,0] Omhmh, Ohmhm
0.25 0.25
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o
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Figure 4.5: Normalized output current ripple for the optimized patterns [h, m™, "] with
different amount of states. Modulation index m = 1. ¢ = 0 rad.

which belongs to the group Pfof‘ﬁff 4] far from the most optimal 4-state [hT, m™, "]

patterns.
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Table 4.3: Pattern distribution within groups for the optimized patterns [m, [, 0] with dif-
ferent amount of states

(a) 4-state patterns (b) 3-state patterns

Group Number Patterns Group Number Patterns
P1y st ImOm, mOml P13t 1m0, Oml
P2 s 10m0, 0moOl P2y st mOL, 10m
PBEl Wftﬁéfs ml0m, m0lm, 0lm0, 0ml0 P3f’ Wftl“é‘fs ml0, 0lm
P4y st 10ml, Im0l
P52t mim0, Iml0, 0lml, Omlm
PGy, e 10lm, 010m, m010, ml0l

4.3.2 Output current ripple variation depending on modulation index

In this subsection, the variation of output current ripple with respect to the modula-
tion index is analyzed. The output current ripple is evaluated for every modulation index
and input voltage angle, and the maximum ripple is selected for each modulation index.
For instance, patterns from the group P8f’ffﬁff(§f]s at modulation index m = 1 (Fig. 4.3a)
exhibit the maximum ripple at angle # = 0, rad. In the same way, the maximum value is
determined for all modulation indexes.

Table 4.4: Pattern distribution within groups for the optimized patterns [h*, m™, "] with

different amount of states

(a) 4-state patterns (b) 3-state patterns

Group Number Patterns Group Number  Patterns
PLytares o lhml, lmhl PLgtares o mih, him
P2y2ares 1 himl, lmih P2pLaes oy mhl, lhm
P3f‘h§?ntff’lﬂ mlhm, mhim P3?hsf?£ff,l+} hml, Imh
P4‘[1h5f%ef7lﬂ mlmh, hmlm
P5ptares 1o Ihlm, mlhl
P6jstetes | hlhm, mhih
Prjstetes | hlmh, hmih
PS?hsf?gf’lﬂ mhml, hmhl, lmhm, lhmh
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Results in Fig. 4.6 show the maximum ripple for patterns [h,m,0] with 5, 4, and 3
states per half-cycle. The distribution of patterns in the groups is the same as in the
previous subsection and is listed in Table 4.2. Fig. 4.7b presents the maximum output
current ripple for patterns [m,,0] with 4 and 3 states, while Fig. 4.8 shows the results
for patterns [b+,m*,IT].

For unity power factor, the achievable modulation index range for patterns [h,m, 0]
ism € [0, 1.5] (see Fig. 3.3). For patterns [m,1,0], the modulation index range that can be
achieved for any input voltage angle is m € [0, @]. For patterns [h*,m™,iT], the mod-
ulation index range for all input voltage angles is m € [1,1.5]. As discussed previously,
patterns [m,,0] and [h™, m™, "] can be used together to cover the full modulation index
range. For m € [@, 1], the choice of pattern set ([m,1,0] or [, m*,1*]) depends on the
input voltage angle (see Fig. 3.3 and Fig. 3.4). These operating points are not illustrated

in the presented figures and will be discussed in more detail later.
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Figure 4.6: Normalized output current ripple for the optimized patterns [h, m,0] with
different amount of states with respect to modulation index. ¢ = 0 rad.
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Figure 4.8: Normalized output current ripple for the optimized patterns [h™, m™,1™] with
different amount of states with different amount of states with respect to modulation
index. ¢ = 0 rad.

4.3.3 Selection of the optimal patterns considering switching losses

The results presented in the previous subsections assume an identical switching fre-
guency. As a consequence, patterns with a higher number of states exhibit lower output
current ripple. For example, for patterns [k, m,0] at modulation index m = 1, the ratio
of the maximum ripple for patterns from the groups Pl?,fﬁ‘jﬁs, Plfﬁfﬁgf(ﬁs, and Plf’}ff;jfoe]s is
1:1.5:3.

At the same time, patterns with a larger number of states incur higher switching
losses. Moreover, even patterns with the same number of states can result in different
switching losses depending on the exact sequence of states within the pattern.

Therefore, switching losses must be taken into account in order to identify patterns
that provide an optimal trade-off between output current ripple and switching losses.

The principles of switching loss calculation are discussed in Subsection 2.31.
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Below, several representative patterns are presented together with their correspond-
ing terminal connections. The letters in the tables denote the input phase to which the
output terminal is connected. Without loss of generality, it is assumed that the input

phase voltages satisfy the condition

Va>Ve > V. (415)

Furthermore, Vag > Vg, such that V,,, = Vg and V; = V. These assumptions are
introduced to simplify the analysis; however, the results can be directly extended to other
cases with identical conclusions.

The analysis is carried out assuming a constant output current. For clarity, only pat-
terns with three states are considered in the following discussion.

Table 4.5 shows the terminal connections for the pattern hm0. It can be seen that
terminal ¢1 (Fig. 21) is connected to phase A for the entire period. Phase A is selected for
the zero state in order to reduce the number of commutations. Terminal ¢2 undergoes
four commutations per period. The voltages involved during these commutations are
Ven, VBa, Vap, and Vpe.

Table 4.6 shows the terminal connections for the pattern hOm. Compared to hm0, the
number of states is the same: terminal ¢1 remains connected to phase A for the entire
period, and terminal ¢2 again undergoes four commutations. However, the voltages in-
volved during the commutations are different, namely Voa, Vag, Vea, and Vae. Since
Vac is always higher than Vg under the assumption (4.15), the switching losses associ-
ated with these commutations are higher. As a result, despite exhibiting identical ripple
in Fig. 4.6¢, the pattern hmo0 is preferable due to lower switching losses.

Tables 4.7 and 4.8 show the terminal connections for the patterns mi0 and mo0l, re-

Table 4.5: Switching pattern AmO0 with cor-  Table 4.6: Switching pattern hOm with cor-

responding terminal connections responding terminal connections
Switching Sequence Switching Sequence
Patternhm0 h m 0 m h Pattern hOm h 0 m O h
Terminaltl A A A A A Terminaltl A A A A A
Terminalt2 C B A B C Terminalt2 C A B A C
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Table 4.7: Switching pattern ml0 with cor-  Table 4.8: Switching pattern m0l with cor-

responding terminal connections responding terminal connections
Switching Sequence Switching Sequence
PatternmIi0 m [ 0 [ m Patternm0l m 0 [ 0 m
Terminaltl A B C B A Terminaltl A B B B A
Terminalt2 B C C C B Terminalt2 B B C B B

spectively. The pattern ml0 results in six commutations per period, whereas m0l re-
quires only four. Consequently, m0l exhibits lower switching losses; however, as shown
in Fig. 4.7b, it produces higher output current ripple. The preferable pattern can therefore
be identified by adjusting the switching frequency of one of the patterns such that both
exhibit identical switching losses, and then comparing the resulting ripple, as discussed
below.

The commutation voltages for the pattern m0l are Vag, Vic, Ve, and Vgy, which are
identical to those of the pattern hm0. This results in identical switching losses for both
patterns. Accordingto Fig. 4.6¢ and Fig. 4.7b, the pattern m0l exhibits lower output current
ripple for modulation indexes m € [0, @} making it the preferable option compared to
hm0 within this modulation range.

Tables 4.9 and 410 show the terminal connections for the patterns hl0 and h0l. These
patterns were not discussed in the previous sections. Unlike the patterns [h,m,0] and
[m, 1, 0], for unity power factor the duty-cycle calculation for patterns [k, [, 0] always leads
to d; < 0. As a result, the voltage applied to the output terminals must be inverted. The
pattern hl0 results in six commutations per period, whereas the pattern R0l has four
commutations with voltages Vac, Ven, Vae, and Veoa. This leads to higher switching

losses compared to the pattern hm0, and, as the analysis shows, does not provide lower

Table 4.9: Switching pattern hl0 with cor-  Table 410: Switching pattern h0l with cor-

responding terminal connections responding terminal connections
Switching Sequence Switching Sequence
Pattern RI0 h I 0 I h Pattern hOl h 0 [ O h
Terminaltl A C C C A Terminaltl A C C C A
Terminalt2 C B C B C Terminalt2 C C B C C
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Table 411: Switching pattern m*h™i+ with  Table 412: Switching pattern m™h=IT with

corresponding terminal connections corresponding terminal connections
Switching Sequence Switching Sequence
Pattern m*h™lt m h I h m Patternm*h=I* m h I h m
Terminal t1 ArA B A A Terminal ¢1 AC B C A
Terminal ¢2 B C C C B Terminal ¢2 B A C A B

output current ripple.

Asimilar analysis can be carried out for the patterns [+, m™, (*]. The pattern m*iTh™
has six commutations per period. The pattern h™m™*I™ has four commutations with volt-
ages Von, Vac, Voa, and Vg, while the pattern m*hA*i+ has four commutations with
voltages Vog, Vag, Vea, and Ve (see Table 411). Due to the lower commutation voltages
and consequently lower switching losses, the pattern mTh™I™ is preferable. However,
the minimum ripple shown in Fig. 4.8b depends on the modulation index, and therefore a
definitive conclusion can only be drawn after accounting for switching losses. In general,
the advantage of the patterns [+, m™, %] compared to patterns including the zero state
lies in the commutation between line-to-line voltages that are closer to the capacitor
voltage, which leads to reduced ripple.

According to Fig. 3.3, patterns [h,m,[] can be used to achieve the full voltage range.
For unity power factor, Fig. 3.4 shows that patterns [h*, m™, ("] are applicable at higher
modulation indexes, while patterns [h~,m™, "] are applicable at lower modulation in-
dexes. Table 412 shows the terminal connections for the pattern m™h=I*. In this case,
the sequence of states does not affect the result, as there are always eight commuta-
tions per period. Moreover, the necessity to apply a negative voltage inherently increases
the output current ripple compared to patterns that include the zero state. As a result,
the use of the pattern [h~,m™, "] does not provide any advantage over the use of the

pattern [m, ,0] for lower modulation indexes, as it is suggested in [3, 7].

4331 Results for unity power factor

The switching losses for each pattern were calculated over one input voltage period.
The switching frequency was then adjusted such that the total switching losses were

equalized across all patterns. After this normalization, the output current ripple for each
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Figure 4.9: Patterns with the optimal ripple/losses relation. ¢ = 0 rad

pattern was recalculated while accounting for the adjusted switching frequency.

Figure 4.9 presents a comparison of selected pattern groups G1,G2...G11 that yield
the lowest output current ripple under equalized switching losses. Only a subset of all
pattern groups is shown for clarity and conciseness; detailed information on all groups
Is provided in Table 413. The table shows pattens from which each group consists of and
PWM scaling. The switching frequency scaling is referenced to the pattern 0h0mo0, and
the switching frequencies of the remaining patterns are adjusted accordingly to achieve
identical switching losses. This implies that, if the PWM frequency of pattern 0h0mO0 is
frpwm, then the PWM frequency of any other pattern should be scaled as fpwm - k& in order
to achieve identical switching losses.

The plots for groups Gy, 1.0, G2 1,01, aNd G4 0) N Fig. 4.9a are truncated at higher
modulation indices, since these indices cannot be achieved using the line-to-line volt-
ages available in the respective patterns. In particular, groups Gy, ;0 and G2, ;)
utilize the medium and lowest line-to-line voltages, while group G4, ;) employs only
the highest and lowest voltage levels.

Analysis of Fig. 4.9a indicates that, for systems requiring a wide output voltage range,
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Table 413: Pattern groups that have optimal ripple/losses relation

Group Number Pattern frwm scaling k
- 0h0mO [1] 1
Glim0 0ml0m, m0lm0 1.265
10mO0l 1.702
G21,0] mO0lm, mi0m 1.736
m0l [3], 10m 3.404
0hmOh, 0mhOh, hOhmO0, hOmhO 1157
0mhm0, hmOmh 1.702
G3h,m,0)
0mh0, 0hmO0O, hOmh, hmOh 1.727
0mh, hmO 3.404
[0ROL, hOIOA 1.371
G40 hOlh, hIOh 1.371
[0h, hOl 2.742
- mthtitht [5] 1.967
a5 lhmhl 1.702
[t mt ] mhl (3, &, 7)lhm 34004
GO+ it 4] Imhl, lhml 1.736
GTih— i+ 1+] mhilmh, hmlhm 0.607
G8ij— m+ 4] mlhm, mlhm 0.872
Gg[h,m,l,O} thOm, mOhOl -
Glo[h,m,l,O] th’I’)’L, mOlh -
Gll[h,m,l,ﬂ] lhmO, 0Omhl -

patterns from group G3y, 0 are generally suitable. If additional ripple reduction is
desired at lower modulation indices, patterns from groups Gl,, ;o) and G2, ;) can be
employed. As the modulation index increases, a transition back to patterns from G3, ., o)
is required. Patterns from group G4y, o, and more generally those that simultaneously
utilize the highest and lowest voltage levels, do not offer significant benefits.

Patterns from groups G5+ m+ 1+) and GG+ 0+ 1+) €xhibit improved performance
compared to G3j ) at high modulation indices, as shown in Fig. 49b. In contrast,
groups G7p— o+ i+) and G8p,— n,+ 1+ do not provide advantages over other groups due

to increased switching losses.
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Figure 4.9c presents the results for patterns [k, m, [, 0]. At low modulation indices, the
performance of groups G, m 1,0 and G10p, 1,0 Matches that of G2, 50) and Gl ),
respectively. At higher modulation indices, group G11y, ., ;0] €xhibits behavior similar to
G5+ o+ ,1+). The step observed in G11j, ,1,0) at m = 0.7 can be explained by the fact
that, after optimization, the duty cycles of patterns [k, m, [, 0] may change sign due to the
additional degree of freedom. Since switching losses depend on the signs of the duty
cycles, accounting for switching losses can result in stepwise changes in the normalized
ripple when a sign change occurs.

The selection of patterns with different numbers of switching states per cycle involves
an inherent trade-off. Although the resulting output current ripple is similar across all
cases, patterns with three states per cycle require no optimization but lead to a higher
real-time control task frequency, assuming a fixed ratio between switching frequency
and control task frequency. Patterns with a larger number of states per cycle require
optimization; however, this optimization is computationally simple, as discussed later,
and allows for a reduction in the real-time task frequency.

Some results from existing literature are included in Table 413 and Fig. 4.9 for com-
parison. Patterns proposed in [3, 4, 7] correspond to optimal solutions identified in this
work, whereas patterns from [1, 5] are shown to be suboptimal.

As was previously mentioned the full operating range can be covered using patterns
[m,1,0] and [*, m™,I*]. However, the region [@, , 1] can be covered by either pattern set
dependingon the inputvoltage angle. Analyzing ripple solely as a function of modulation
index is therefore inconvenient when a given pattern does not cover all input voltage
angles, and when multiple patterns can be used for the same modulation index. This
issue becomes even more pronounced for non-unity power factor operation (see Fig. 3.3).
For this reason, the next section presents ripple maps as functions of modulation index

and input voltage angle.

4.3.4 Optimal modulation/pattern selection

In this section, standard modulation methods employing optimized patterns are com-
pared with selected pattern sets that yield the lowest average output current ripple. The

comparison is performed for several power factors. The standard modulation methods
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considered include SVYM and the combination of [m,[,0] and [h*,m™,[T] patterns, as
proposed in [3, 4, 7].

The pattern sets are defined as collections of s patterns that are applied over the
entire operational range of the converter, i.e,, for all input voltage angles and modulation
indices. The outcome of the optimization procedure therefore consists of (i) a specific set
of patterns that minimizes the maximum output current ripple, and (ii) a corresponding
map that indicates which pattern is used at each operating point. As a result, for a given
modulation index, the selected pattern may vary within a single input-voltage period.
This approach can introduce additional implementation challenges, which are discussed
in detail later. The obtained results inherently depend on both the number of states
allowed in the candidate patterns and the selected value of s.

Since the map may assign different patterns within a single input-voltage period,
pattern transitions can occur during the mains cycle. To ensure a fair comparison under
these conditions, the PWM frequency is assumed to be identical for all patterns.

The selection of pattern sets is performed by a brute-force check of all possible com-
binations of patterns, selecting sets of different sizes that lead to the lowest maximum
ripple across the entire operating range.

The main disadvantage of patterns [h,m,[, 0] lies in the complexity of their optimiza-
tion process. While other patterns can be optimized algebraically with negligible com-
putational effort, the use of patterns [h, m, [, 0] requires solving an optimization problem
numerically in real time or relying on lookup tables. Furthermore, the use of patterns
[h,m,1,0] does not provide performance improvements compared to the other consid-

ered patterns. For these reasons, they are excluded from further analysis.

4341 Issues related to pattern switching within an input voltage period

Switching between patterns within one input voltage period can lead to several issues
related to dead time. The impact of dead time is pattern-dependent, since different
patterns are affected differently by the insertion of dead time. As a result, the actual
output voltage may deviate from its reference value.

Assuming that the output current is controlled by a Pl regulator with the output volt-

age as the control variable, a constant mismatch between the reference and the actual
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Output current ripple, p.u. Optimal patterns map
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Figure 410: Map of normalized current ripple for optimized set of 3-state patterns s = 1
for unity power factor

voltage can be compensated when a fixed pattern is used. However, if the applied pat-
tern changes within the input voltage period, the voltage mismatch also changes, which
may result in current spikes caused by abrupt variations of the effective applied voltage.

Several approaches can be used to mitigate this issue: reduction of dead time if
the switching devices allow it, dead-time compensation, or restriction to patterns that
exhibit similar mismatch between the reference and the actual output voltage.

The influence of dead time also depends on the sequence of states within a pattern
and can therefore be minor or more pronounced. For example, in the hm0 pattern, the h
state is always prolonged by one dead-time interval, whereas the m state is not affected.
In contrast, in the m0l pattern both the m and [ states are increased by one dead-time

interval.

4342 Comparison at unity power factor

According to Fig.3.3, in SVM, only [k, m,0] patterns are used at unity power factor. For
unity power factor optimization for s = 1 coincides with SVM. The map of normalized
output current ripple and patterns used for three state patterns are presented in Fig.
410. Patterns P13:ies can be selected from Table 414a. Alternatively, patterns that
have the optimal ripple/losses relation are presented in Table 413 in the group G3y, ., o).

DC-SVM map is presented in Fig. 411. It consists of two types of patterns: [m,1, 0]
and [pT,m™*,1T]. Compared to the SYM map (Fig. 4.10), the normalized current ripple

is smaller. Moreover, optimization for s = 2 results in the usage of the same patterns.
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Output current ripple, p.u. Optimal patterns map
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Figure 411: Map of normalized current ripple for optimized set of 3-state patterns s = 2
for unity power factor

Patterns P1351%¢s and P2}5i%%% are shown in Table 414b.

3states

Results for the optimization with s = 3 are presented in Fig. 412. Patterns P1;7%%
and P23sieles are the same as P1354/ey and P23siales (Table 4.14c). Pattern P33siaics,
covers zone of the maximum ripple in s = 2 optimization, allowing to further decrease
current ripple.

Optimal patterns map

QOutput current ripple, p.u.
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Figure 412: Map of normalized current ripple for optimized set of 3-state patterns s = 3
for unity power factor

Maps of the optimization sets for 4- and 5-state patterns at each power factor are
presented in Appendix A. Due to the higher number of commutations per PWM cycle,
these patterns inherently exhibit lower current ripple. However, patterns for s = 1 still

match SVM, s = 2 match DC-SVM, and s = 3 introduces an additional pattern compared

to s =2.
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Table 414: 3-state patterns used in optimized sets for different set number s for unity
power factor

(@) s=1 (c)s=3
Group Number Pattern Group Number Patterns
P13 states 0mh, Ohm, mOh P13 states 0lm, 10m, mOI, ml0
opt,s=1 mh0, hOm, hm0
Pzgzjti‘;t:eg Imh, mlh, mhl, hml
(b) s =2 ng;tf‘;fg mO0h, hOm
Group Number Patterns
Plg;tfast:eg 0lm, 10m, m0l, ml0
PQE;thZS Imh, lhm, mhl, hml

Fig. 413 shows the dependencies of maximum current ripple on modulation index,
considering various s and numbers of states. The gray line corresponds to the lowest
possible ripple if, for each operational point, the pattern with the least ripple is used.
According to the figure, the benefits of using a higher number of patterns depend not
only on the operational point but also on the number of states of the patterns employed.
Maximum ripple values depending on modulation strategy and number of states are

shown in Table 415.

0.3 0.2 0.12
J-state patterns 4-state patterns 5-state patterns
- 0.1

e b
[
A%

L

Output current, p.u.

0.5 1
Modulation index

Figure 413: Dependencies of maximum current ripple on modulation index, considering
various s and number of states (unity power factor): SV M (blue), s = 2 (green), DC —
SV M (red), s = 3 (black), s = inf (gray)
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Table 415: Maximum ripple for different modulation strategies and number of states at
unity power factor

Modulation Used Max Ripple 3 states Max Ripple 4 states Max Ripple 5 states

SVM 0.2499 0125 0.0833
DC-SVM 0.2156 01078 0.072
Optimized s =1 0.2499 0125 0.0833
Optimized s = 2 0.2156 01078 0.072
Optimized s = 3 01634 01071 0.0667
Best 01618 01071 0.0643

4343 Comparison at ¢ = ¢ rad

An identical analysis is performed for the power factor ¢ = £ rad.

For this power factor, SYM consists of two patterns, as shown in Fig. 414. Patterns
that lead to the lowest ripple are presented in Table 416a. DC-SVM is similar to the
unity power factor case, where [m, [, 0] patterns are used for low modulation indices, and
[h,m, 1] patterns for high modulation indices (Table 416b). The DC-SVM map is shown in
Fig. 4.15.

The optimization set with s = 2 does not coincide with DC-SVM, even though the
patterns consist of the same states (Table 4.16¢). The corresponding map is shown in Fig.

416. The optimization set with s = 3 is presented in Fig. 417 (Table 416d).

Optimal patterns map
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Figure 414: Map of normalized current ripple for SYM with 3-state patterns for power
factor ¢ = § rad

Fig. 418 shows the dependence of the maximum current ripple on the modulation in-
dex, considering various modulation strategies and numbers of states. The optimization

performed in this thesis aims to minimize the maximum ripple across all operational
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Figure 415: Map of normalized current ripple for DC-SVM with 3-state patterns for power
factor ¢ = § rad

Output current ripple, p.u. Optimal patterns map

i e
[#) )
] =
Eo8 0.15 .ZEpg
g g
= 0.6 = 0.6
b=l 0.1 o
Z 04 =04
0.05
0.2 0.2
0 0 0
0 /12 /6 w4 /3 0 /12 /6 /4 /3

Input angle, rad Input angle, rad

Figure 416: Map of normalized current ripple for optimized set of 3-state patterns s = 2
for power factor ¢ = § rad

points. Therefore, under certain operating conditions, an optimization with a higher
number of patterns can locally result in a higher ripple compared to an optimization
with fewer patterns. For example, the 5-state patterns optimized with s = 3 exhibit
higher ripple in the low modulation index region compared to the s = 2 optimization.

For this power factor, the s = 2 optimization for 4- and 5-state patterns results in the
selection of patterns identical to those used in SVM, although their distribution in the
modulation index-input angle map is different.

Maximum ripple values depending on the modulation strategy and the number of

states are shown in Table 417.
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Optimal patterns map
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Figure 417: Map of normalized current ripple for optimized set of 3-state patterns s = 3
for power factor ¢ = § rad

Table 416: 3-state patterns used in different modulation strategies for power factor ¢ =
s
grad

() SV M (c)s=2
Group Number Pattern Group Number  Patterns
O0mh, Ohm, mOh P13 states oml. 1m0
3 stat , , e ml, lm
P]‘S“S/j'\z’e;:w/S th, hom' hmO opt,s=2,p=m7/8
P23 states him. milh
3 stat opt,s=2,p=7/8 !
PQS‘S/?\?;Z:W/S LhO0, Ohl
(d)s=3
(b) DC — SV M
Group Number  Patterns
Group Number Patterns
P13 states ImO0. 0ml
3 stat opt,s=3,p=7/8 !
PlD%{gﬁ/M,wzw/S m0l, I0m
3 ot p23states s hlm, mih
states ,8=3,pp=
P2DC_SVM’¢:W/8 lhm’ mht 3 states
P3opt,s:3,gp:7r/8 LhO, Ohl
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Figure 418: Dependencies of maximum current ripple on modulation index, considering
various modulation strategies and number of states (¢ = Z rad): SVM (blue), s = 2
(green), DC — SV M (red), s = 3 (black), s = inf (gray)
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Table 417: Maximum ripple for different modulation strategies and number of states at

power factor ¢ = § rad

Modulation Used Max Ripple 3 states

Max Ripple 4 states

Max Ripple 5 states

SVM 0.2304 01152 0.0921
DC-SVM 0.2160 01342 0.0944
Optimized s =2 0.2076 01152 0.0921
Optimized s = 3 01982 01080 0.0765
Best 01982 0.0992 0.0666

4344 Comparison at ¢ = 7 rad

An identical analysis is performed for a power factor of ¢ = 7 rad. For this power factor,

SVM consists of three patterns (Fig. 419). DC-SVM (Fig. 4.20) and the s = 2 optimization

(Fig. 4.21) employ the same types of patterns, although the specific patterns differ, as

shown in Table 418. The advantage of DC-SVM and SVM in this case is that the switching

between patterns is always smooth. For SVM, this is due to the nearly identical volt-

age levels at the moments of switching between patterns, while for DC-SVM, the switch

between the patterns happens naturally by smooth change duty cycles in each output

terminal.

The dependence of maximum current ripple on the modulation index for this power

factor is shown in Fig. 4.23, while the maximum ripple for each modulation strategy is

summarized in Table 4.19.
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Figure 419: Map of normalized current ripple for SYM with 3-state patterns for power

factor ¢ = § rad
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Optimal patterns map
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Figure 4.20: Map of normalized current ripple for DC-SVM with 3-state patterns for power
factor ¢ = 7 rad
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Figure 4.21: Map of normalized current ripple for optimized set of 3-state patterns s = 2
for power factor ¢ = § rad

4.4 Conclusionsregarding modulation strategy and pattern se-
lection

Based on the results presented in this chapter, several conclusions can be drawn. The
most straightforward approach to achieving the full operational range at unity power
factor is the use of SVM or duty-cycle modulation, as both methods cover the entire
range using a single pattern type, namely [h,m,0]. The corresponding optimal pattern
selection is summarized in Table 413.

Compared to [h,m, 0], the combined use of [m,1,0] and [pT, m™, ] (set s = 2) yields

lower ripple for the same level of losses at unity power factor. This combination is
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Optimal patterns map
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Figure 4.22: Map of normalized current ripple for optimized set of 3-state patterns s = 3
for power factor ¢ = § rad

Table 418: 3-state patterns used in different modulation strategies for power factor ¢ =

s
1 rad

(a) SVM (Q)s=2
Group Number Pattern Group Number  Patterns
Omh, Ohm, mOh P13 states oml. 1m0
3 = —_— 7
Pls ig}%i;:”/ 4 mh0, hOm, hm0 s=2p=m/4
3 stat p23ites o him, mih
states =2,(0=
p2gfates_, 1hO, Ohl
P3?g‘sfﬁf;:ﬂ/4 0Oml, Im0 (d)s=3
(b) DC — SVM Group Number  Patterns
p13states Im0, Oml
Group Number  Patterns opt,s=3,p=r/4
P23 states OAhl 1hO
3 opt,s=3,p=/4 '
PILE S apmra ™MOL 10M o
P30pt,s=3,<p=7r/4 hm0, Omh
P23 states lhm, mhl

DC—-SV M, p=n/4

Table 419: Maximum ripple for different modulation strategies and number of states at
power factor ¢ = 7§ rad

Modulation Used Max Ripple 3 states Max Ripple 4 states Max Ripple 5 states

SVM 01800 01085 0.0791
DC-SVM 0.2164 01763 0.0926
Optimized s =2 0.2038 01082 0.0925
Optimized s = 3 01800 01071 0.0767
Best 01800 01052 0.0720

most easily implemented using DC-SVM. Alternatively, duty-cycle modulation may also

be employed, although it requires the incorporation of an appropriate switching strategy
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Figure 4.23: Dependencies of maximum current ripple on modulation index, considering
various modulation strategies and number of states (¢ = % rad): SVM (blue), s = 2
(green), DC — SV M (red), s = 3 (black), s = inf (gray)
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Figure 4.24: Map of normalized current ripple using optimized set s = 3(¢ = 0 rad) for
3-state patterns at power factor ¢ = % rad

between patterns.

If additional ripple reduction is needed, the optimized strategy with s = 3 demon-
strates superior performance. This improvement, however, comes at the cost of in-
creased modulation complexity, as look-up tables (LUTs) are required to determine the
appropriate pattern for each operating point. Alternatively, as will be shown in the ex-
perimental section, the optimal pattern can also be identified through calculations. The
extent of improvement provided by the s = 3 strategy relative to the s = 2 combination
depends on the number of states in the pattern. For example, Fig. 413 shows that the
maximum ripple values obtained with s = 2 and s = 3 optimizations for 4 state patterns
are nearly identical. This figure, however, does not reflect the average ripple, which is
lower in the s = 3 case.

The choice of modulation strategy and pattern set is strongly influenced by the op-

Dmytro Rodkin 75



Chapter 4: Optimal Switching Pattern Selection Ph.D. Thesis

erating conditions, including the expected power factor, modulation index, and avail-
able computational resources. Furthermore, the optimized strategies discussed in Sec-
tion 4.3.4 are derived based on the criterion of minimizing the maximum ripple. The
same optimization framework can be readily adapted to minimize the average ripple or
to target a specific range of modulation indices.

In the previous section, optimal pattern sets were identified for ¢ = [0, §, ] rad. For
certain power factors, the optimizations for s = 2 and s = 3 result in different pattern
sets. In practical applications, however, determining optimal patterns for every possible
power factor and continuously switching between pattern sets as the power factor varies
is not feasible. A practical alternative is to employ a sub-optimal pattern set that offers
improved performance within a given power-factor range without requiring continuous
pattern changes.

For s = 2, the use of [m,[,0] and [T, m™,I"] represents a suitable compromise, as it
provides relatively low ripple and an optimal ripple-to-loss ratio. At low power factors,
conventional SVM approaches the ripple performance of DC-SVM and may even yield
superior results as the power factor further decreases.

For s = 3, one viable option is to employ the pattern set optimized for unity power
factor (Table 4.14c). This set consists of [m,[,0] and [hT,m™,IT] patterns (same as for
s = 2), augmented by the hOm pattern to reduce the peak ripple value. Among the
patterns used in combination with s = 2 for ¢ = T rad, the hOm pattern results in the

lowest ripple, as illustrated in Fig. 4.24.

4.5 Calculation of the optimized patterns algebraically

Once the patterns that provide the best trade-off between output current ripple and
switching losses have been identified, it is convenient to calculate the duty cycles alge-
braically for those specific patterns. This approach is preferred as it avoids the need for
numerical optimization in real time.

One of the optimized and subsequently experimentally tested patterns in this thesis
is 0hmOh. Nonetheless, the optimization method presented below is applicable to any

other pattern.
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Fig. 4.2 shows the output voltage and current waveforms without and with the opti-
mization applied, respectively. The duty cycles dy, d,,, and dy are calculated as described
in the previous sections. To minimize the output current ripple, the duty cycle dj, must
be appropriately distributed between d;; and dy, while dy must be distributed between
dr and dyy.

The method without optimization assigns equal pulse widths to the corresponding

voltages. Thus, the duty cycles d; through dy are calculated as

d]\/ = 2d[ = 2d0/3,
dr = 2dy = 2dy, /3, (416)

drrr = dm,

The optimization is performed by equalizing I, during each rising and falling pe-
riod of the current waveform. The specific optimization conditions depend on the rela-

tionship between V;,, and V.4, and can be derived as follows:

If Vi, > Veap

dry = 2d; = 2d0/3,

dV _ dIVchap
2(Vh - Vcap),

drr = dp — dy,

drrr = dm,
(427)
If V,, < Veap :
drr = 2dy = th/g,

_ dir(Vi, — Veap)

d

I zvvcap )
dry = do —dy,
drrr = dm,

As observed, the computational overhead introduced by this optimization is negligi-
ble, indicating that it can be employed in real-time systems without adverse effects. In

the following section, the presented approach is validated experimentally.
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4.6 Experimental results

The section presents description of the experimental setup and experimental results
that prove validity of theoretical findings regarding pattern optimization and pattern se-

lection.

4.6.1 Experimental setup

Scheme of the experimental setup is presented in Fig. 4.25. A power supply is used to
reduce the three-phase input voltage amplitude. An input filter is employed to reduce
input current distortion, improve power quality, and to avoid significant voltage varia-
tions during the PWM period. The uCube control platform collects information about
input voltages, output current, and capacitor voltage, and generates control pulses for

the AC-DC matrix converter.

Input Filter
|~y L
ow?r PSS, i Matrix I S
supply | | Converter IR
o— | L | Yy o "
| 1 1 _T_ | 3
- - ——— _
Va_. Vb_- VQr I load Vca,m

uCube (MicroZed 72010)

Figure 4.25: Experimental setup scheme

The power supply is a National Instruments NHR 9410 bidirectional unit (Fig. 4.26). In
this work, it is used to reduce the input voltage amplitude to ensure safe experimental
conditions. The results, however, are equally valid for any other input voltage amplitude.

The control platform is based on the MicroZed 72010 evaluation board (Fig. 4.27).
The Zynq 7010 chip is a System on a Chip (SoC) consisting of two parts: PS (Processing
System), which is an ARM processor executing the real-time control algorithm, and PL
(Programmable Logic), which is an FPGA handling the modulator, the "4-step commuta-

tion” required for matrix converter operation as discussed previously, signal acquisition,
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Figure 4.26: Power supply

Figure 4.27: Control platform

and various protection functions.
The matrix converter is shown in Fig. 4.28. Converter parameters used in the experi-
ments are listed in Table 4.20. Infineon IHW40N120R5 devices are used as power switches.
The load depends on the specific tests, but it is generally simulated either as a resistor
in parallel with a voltage source or as a resistor alone. The parallel connection is required

when using a voltage source, since the source is unidirectional.

Dmytro Rodkin 79



Chapter 4: Optimal Switching Pattern Selection Ph.D. Thesis

Figure 4.28: Matrix converter

Table 4.20: Setup Configuration

Input Side
Capacitance C'r (uF 12 )

P s () Output Side
Inductance Ly (mH) 24

Capacitance C (uF) 50

Suppl

PPy Inductance L (mH) 1.6
Input Voltage (RMS p-p), V. 100
Input Frequency (Hz) 50

4.6.2 Comparison of selected patterns considering switching losses

An experimental comparison was performed for several selected patterns, taking
switching losses into account. Procedure that evaluates switching losses is described
in the Section 4.3.3. Using information about the switching losses from the datasheet of
the power switch used in the experimental setup, losses are calculated for each pattern
assuming symmetrical carrier. Since input voltage is changing in a real time, average
value of losses is calculated in whole input voltage period. The PWM frequency for each
pattern was adjusted according to Table 413 to make a comparison between patterns
that have equal switching losses. The selected patterns and their corresponding groups

(see Table 413) are: 0h0mO ( [1]), 0hmOh (G3p, m.0)), hmO (G3p, m.0p), 0mlOm (Gl 1 0)),
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and mOl (G2,,0)- In the experiments shown below, voltage on the capacitor is set by
power supply to simplify testing in certain operation conditions. While output current
is controlled using PI controller that output voltage reference V*. In the description of
each figure, modulation index is specified. Output voltage can be calculated based on
the index value considering that V},,, = 80V in the experiments.

The PWM frequency for 0hmOh was set to 3000 Hz. Due to its inherently higher switch-
ing losses, fpwm for 0R0mO was set to 2700 Hz. To match the switching losses of 0hmOh
(by scaling PWM frequency according to the Table 413), the PWM frequency of hm0 was
increased to 8800 Hz. Pattern 0ml0m has matching losses at 3300 Hz, while fpwm for mol
was set to 8800 Hz, as it exhibits the same switching losses as hmO.

Fig. 4.29 shows the system performance when the optimized 0h0Om0 pattern is used.
Figs. 430 and 4.31 illustrate the performance of the 0hmOh pattern without and with
optimization, respectively. Fig. 4.32 presents the system performance for the hmo0 pattern.
The right side of the graphs shows a zoomed view of the output voltage and current.
Results in Figs. 4.29-4.32 correspond to a load voltage that gives a modulation index of
m = 1.25 (Veap = 100 V).

Despite exhibiting higher switching losses, the pattern 0h0m0 produces higher output
current ripple compared to the optimized 0hmOh and hm0 patterns. These results are
consistent with the analytical predictions presented in Fig. 4.9.

The switching frequency ratio between hm0 and 0hmOh was chosen according to the

values in Table 413, ensuring that both patterns have identical switching losses.

200v

e e
[l
il
il i
I i |

100V

-150 v

i i 2007,
4 1363 ms 2043 ms 2723ms

C1 71 zoom(C1)
2.00 A/div 100 V/div, 2.00 A/div H 1.00 A/div| 50.0 Vidiv
Figure 4.29: Experimental results for the 0h0m0 pattern with optimization at a modulation

index of m = 1.25 and a switching frequency of 2700 Hz. Input current (red), output
voltage (blue), and output current (green).
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) ¥4 V/\\V LA \_JA\/\\/

5.961ms 6641 ms 7321ms

1.00 Ardiv 50.0 Vidiv
136 ps/div, 136 ps/div

-7.00000 A -100.000 V| 4.00000 AH
Figure 4.30: Experimental results for the 0hmOh pattern without optimization at a modu-
lation index of m = 1.25 and a switching frequency of 3000 Hz. Input current (red), output

voltage (blue), and output current (green).

-150 v

-200%

1799ms 2479 ms 3.158ms

A 3 : A i H
2.00 Aldiv 100 V/div| 2.00 Addiv 1.00 Ardiv 50 0 Vidiv
-7.00000 A -100.000 V 4.00000 Af : 136 ps/div 136 ps/div

Figure 4.31: Experimental results for the 0hmOh pattern with optimization at a modulation
index of m = 1.25 and a switching frequency of 3000 Hz. Input current (red), output
voltage (blue), and output current (green).

The total harmonic distortion (THD) and current ripple for each pattern are summa-
rized in Table 4.21. Pattern optimization for both 0hmOh and 0h0mO improves ripple and
THD. The output ripple for hm0 closely matches that of 0hmOh, confirming the theoretical
conclusions discussed in the previous sections.

Due to the limited modulation index range of the [m,[, 0] patterns, the performance
of the converter using the 0mi0Om and m0l patterns is shown for a modulation index
of m = 0.7. Results are presented in Figs. 4.33 and 4.34. Despite belonging to different
groups, the patterns exhibit almost identical ripple, as seen in Fig. 4.9 and confirmed by
the experimental results. The corresponding current ripple and input current THD are
summarized in Table 4.21.

The input phase voltage lags the corresponding input current due to the effect of the

input filter. At higher power levels, the phase shift between input current and voltage is
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Table 4.21: Ripple and THD of selected patterns

Pattern Liippie (A)  THD (%)
0h0m0 Optimized 2.63 6.78
0h0m0 Not optimized 395 9.3
0hmOh Optimized 173 441
0hmOh Not optimized 2.6 448
hm0 1.75 416
0ml0m 2.03 6.42
m0l 2.01 3.68

expected to approach zero.

In Fig. 4.34, the output voltage exhibits pulses corresponding to V},, despite the ab-
sence of a higher line-to-line voltage state in the pattern. This behavior is caused by the
"4-step commutation” of the converter. Specifically, if at a given instant both output ter-
minals must change phase, and one commutation is "soft” while the other is "hard,” then
during one dead-time interval the voltage between the terminals may be connected to a
line-to-line voltage that is not the reference. In Fig. 4.34, this occurs when changes in the
input angle alter the input voltages that form V,,,. In Fig. 4.33, it happens more frequently

due to switches between V;,, and V}, as discussed in more detail in Subsection 4.3.3.

\\ TN N fj_jfmm»wwxmmmWﬁwf

. A AL AN AN NN
TAIZRTRVAY R AV VR ISy Y

‘ -150 v

2009

14724 ms 15.404ms 16.084 ms

-7.00000A]  -100.000V/ 136 ps/div] 136 ps/div
Figure 4.32: Experimental results for the hm0 pattern at a modulation index of m = 1.25

and a switching frequency of 8800 Hz. Input current (red), output voltage (blue), and
output current (green).
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20 100v] 200A 80 i 1.00 Avdliv 50.0 V/div
500000A]  -101v| 4000 80 ps/div 80 ps/div]

Figure 4.33: Experimental results for the 0Oml0m pattern with optimization at a modulation
index of m = 0.7 and a switching frequency of 3300 Hz. Input current (red), input voltage
(yellow), output voltage (blue), and output current (green).

2009
8.6 ms 876 ms 8.92ms 8.08 ms 924 ms 9.4 ms

c1  GEEEA F1 resc Z1 zmm(G) 3
;;3353@’::
Figure 4.34: Experimental results for the m0l pattern at a modulation index of m = 0.7

and a switching frequency of 8800 Hz. Input current (red), input voltage (yellow), output
voltage (blue), and output current (green).

4.6.3 Comparison of experimental results to the analytical data for a selected

patterns

Selected patterns are tested experimentally for the whole modulation index range,
and the results are compared to the curves derived analytically.

Fig. 4.35 shows the comparison of normalized output current for the optimized 0h0m0
pattern [1]. Experimental points are depicted with dots, and the line is a fitted curve. The
experimental curve matches closely with the analytical curve, especially for medium val-
ues of the modulation index. For low modulation indexes, the differences are slightly
higher, which can be explained by the larger impact of dead time and inverter nonlin-
earities in the low-voltage region, as will be explained later.

Fig. 4.36 shows several [h, m, 0] patterns compared to the analytical curve. The exper-
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Figure 4.35: Comparison of experimental and analytical output current ripple for the
optimized 0hOmO0 pattern. The analytical curve is shown in red, experimental points as
blue dots, and the fitted experimental curve as a blue line.
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Figure 4.36: Comparison of experimental and analytical output current ripple for the
selected [h,m,0] patterns. Experimental points are shown as dots, fitted experimental
curves as solid lines, and the analytical curve as a dashed line.

imental patterns belong to the group G3y, ,,, ) (see Table 413). The not optimized pattern
0hmoOh, depicted by a blue line, is shown as an experimental proof of the effectiveness of
pattern optimization in reducing output current ripple. Optimized patterns 0hmOh and
hm0 match closely with the computationally derived curve for G3y, ,,, o). The deviation in
the low modulation zone is the same as for the pattern 0h0mO0.

Fig. 437 presents a comparison of experimental and analytical output current ripple
curves for selected [m, [, 0] patterns. Patterns 0ml0m and m0l belong to pattern groups

Glip,,0 @and G201, respectively. Computationally derived curves are close to the ex-
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Figure 4.37. Comparison of experimental and analytical output current ripple for the
selected [m,1,0] patterns. Experimental points are shown as dots, fitted experimental
curves as solid lines, and the analytical curve as a dashed line.
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m ______________
Figure 4.38: Experimental results for the m0l pattern at a modulation index of m = 0.1

and a switching frequency of 8800 Hz. Input current (red), input voltage (yellow), output
voltage (blue), and output current (green).

perimental ones. Moreover, the ripple for [m, [, 0] patterns is much smaller compared to
the ripple for [h, m, 0] patterns in the low modulation index zone and matches the ana-
lytical curve better in this region. This can be explained by the smaller dead-time effects
on the presented [m,[,0] patterns compared to [h,m,0]. At low modulation index, the
effect of dead time can be significant, especially if the duty cycle of the corresponding
state approaches zero.

Fig. 438 and Fig. 4.39 show the performance of m0l and Am0 patterns at modula-
tion index m = 0.1. The output current for m0! is much cleaner, and the ripple of the
fundamental component is much smaller compared to the hm0 pattern. Zoomed output

voltage pulses are wider in m0I, which can be partially explained by the application of
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Figure 4.39: Experimental results for the hm0 pattern at a modulation index of m = 0.1

and a switching frequency of 8800 Hz. Input current (red), input voltage (yellow), output
voltage (blue), and output current (green).
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Figure 4.40: Duty cycles for the [m,[,0] and [h, m,0] patterns as a function of the input
voltage angle at a modulation index of m = 0.1.

lower voltages but also by variations in active duty cycle during the input voltage period.
Fig. 4.40 shows the duty cycles as a function of input voltage angle for modulation index
m = 0.1 for patterns [m,,0] and [h,m,0]. It should be noted that the duty cycles for
[m,1,0] never approach zero; therefore, the effect of dead time is lower.

Fig. 4.41 shows the input current THD for selected patterns. Results are not shown for
low modulation index due to the low fundamental component of the input current and
the increased impact of converter nonlinearities in this region and low signal-to-noise
ratio, as can be seen from the current waveform (red) in Fig. 4.39.

The 0hOmO pattern exhibits the highest THD among all patterns at high modulation

index, which can be explained by its higher ripple. For the other patterns, the average
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Figure 4.41: Measured input current THD for the selected patterns. Experimental points
are shown as dots.
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Figure 4.42: Experimental results for the hOm pattern at a modulation index of m = 0.8
and a switching frequency of 8800 Hz. Input current (red), input voltage (orange), output
voltage (blue), and output current (green).

THD is around 5%. The [m, [, 0] patterns have the lowest THD at m = 0.3, for the reasons

described above.

4.6.4 Pattern switch within input voltage period

Experimental tests were conducted for the optimized pattern sets with s = 2 and
s = 3. The corresponding pattern maps are shown in Fig. 411 for s = 2 and in Fig. 412 for
s = 3. For the s = 2 set, the patterns m0l and mhl were selected (Table 414b). These
patterns were chosen because, according to Table 413, they provide an optimal ripple-
to-loss relationship. For the s = 3 set, the patterns m0l, mhl, and hOm were selected

(Table 414c). The first two patterns are common to both sets.
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Figure 4.43: Experimental results for the s = 2 pattern set at a modulation index of

m = 0.8 (pattern m0I) and a switching frequency of 8800 Hz. Input current (red), input
voltage (orange), output voltage (blue), and output current (green).
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Figure 4.44: Experimental results for the s = 3 pattern set at a modulation index of

m = 0.8 (patterns m0l and hOm) and a switching frequency of 8800 Hz. Input current
(red), input voltage (orange), output voltage (blue), and output current (green).

If multiple patterns can be applied at a given operating point, look-up tables (LUTs)
can be used to select the pattern that results in the lowest ripple. An example of this
situation is the switching between the m0l and hOm patterns at low modulation indices
under unity power factor.

In other cases, switching between patterns is mandatory because the operational
regions of the patterns are adjacent but do not overlap. In such situations, the pattern
selection is performed by calculating the duty cycles for each candidate pattern and

selecting the one that satisfies the condition
|di| + |da| + |d3| < 1. (418)

An example of this case is the switching between the s = 2 patterns (m0l and mhl). Al-
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Figure 4.45: Measured maximum output current ripple for the s = 2 and s = 3 pattern
sets.
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Figure 4.46: Measured input current THD for the s = 2 and s = 3 pattern sets.

though LUT-based selection is possible, it would require high precision to avoid selecting
patterns that violate condition (4.18).

Alternatively, at each control step, the duty cycles for all patterns in the selected
set can be computed, and the corresponding output current ripple can be evaluated
based on the duty cycles and the voltage angle. The pattern that satisfies condition (4.18)
and yields the lowest ripple is then selected for the next step. This approach increases
computational effort but eliminates the need for LUT storage. This method was adopted
for the experimental results presented below.

Fig. 4.42 and Fig. 4.43 show the measured waveforms for the hOm pattern and the s = 2
pattern set, respectively. At a modulation index of m = 0.8 and unity power factor, only
the mOl pattern is active within the s = 2 set. The zoomed-in output current waveforms
illustrate the ripple over approximately a % interval of the input voltage angle. From the

comparison, it is evident that the hOm pattern exhibits a minimum ripple region around
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Figure 4.47: Experimental results for the s = 2 pattern set at a modulation index of

m = 0.8 and a power factor of ¢ = T rad. Switching frequency 8800 Hz. Input current
(red), input voltage (orange), output voltage (blue), and output current (green).
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Figure 4.48: Experimental results for the s = 3 pattern set at a modulation index of
m = 0.8 (patterns m0l and hOm) and a power factor of ¢ = % rad. Switching frequency

8800 Hz. Input current (red), input voltage (orange), output voltage (blue), and output
current (green).

an angle of § rad, whereas the m0l pattern produces its highest ripple in this same
region. The combination of patterns forming the s = 3 set, shown in Fig. 4.44, results
in reduced ripple, in agreement with the analytical calculation provided by the map in
Fig. 412.

Figure 4.45 presents a comparison of the maximum output current ripple for the s = 2
and s = 3 sets. As expected, the s = 3 setyields a lower ripple. However, the input current
THD for the s = 3 set is higher at low modulation indices compared to the s = 2 set, as
shown in Fig. 446. This behavior is attributed to the different sensitivity of the patterns
to dead-time effects, as discussed in Subsection 4.3.41.

A comparison between the s = 2 pattern set (m0l + mhl) and the s = 3 pattern

set (m0Ol + mhl + hOm) at a power factor of ¢ = grad is presented in Fig. 4.47 and
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Fig. 4.48. At a modulation index of m = 0.8 and ¢ = g rad, both pattern sets operate
by switching between patterns within a single input voltage period. The black dashed
lines indicate the instants at which pattern transitions occur. The maximum peak-to-
peak output current ripple is 1.92A for the s = 3 set and 2.06 A for the s = 2 set. The

corresponding input current THD values are 6.7% and 7.8%, respectively.

4.7 Chapter Summary

This chapter presented a systematic way for identifying and optimizing switching pat-
terns in AC-DC matrix converters to achieve a superior trade-off between output current
ripple and switching losses. Unlike conventional studies that focus on a limited selec-
tion of sequences, this work evaluated the complete set of feasible patterns. The core of
the proposed approach lies in the automated optimization of duty-cycle distributions.
For patterns with four or five states, the additional degrees of freedom were leveraged to
minimize the maximum output current ripple. Switching losses were integrated into the
optimization process, ensuring that ripple reduction was not achieved through an inef-
ficient increase in commutations. This resulted in the identification of optimal pattern
groups that maintain high efficiency while reducing the output current ripple.

Experimental validation confirmed the analytical predictions and demonstrated good
agreement between the calculated and measured results. The selection of the modula-
tion strategy and switching pattern depends on specific system requirements. For sys-
tems operating over a wide range of conditions, the DC-SVM strategy combined with the
optimized patterns identified in this chapter represents a suitable solution.

Further reduction of the output currentripple can be achieved if patterns are switched
within the input voltage period. Pattern sets that provide the lowest maximum current
ripple were determined and experimentally verified. It was shown that if the operating
range is limited or the power factor is specified, the optimization can be repeated to

identify locally optimal pattern sets.
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Chapter 5:

Discontinuous conduction mode modulation

Another way to increase converter performance, namely efficiency and input cur-
rent THD, at low-current operating points is to employ discontinuous conduction mode
(DCM) modulation. Existing research on matrix converter modulation primarily focuses
on the selection of switching patterns and/or distribution of active and passive states.
The method proposed in this chapter can be applied to any of the presented patterns,
with minor modifications, leading to further improvements in converter efficiency at low
output currents. In this work, DCM modulation was implemented specifically for the hOm-
mOl patterns. The investigation of this topic predates the results presented in Chapter
4. Therefore, the adopted patterns were selected based on earlier insights and do not
reflect the more optimal solutions identified subsequently.

Zero-current switching (ZCS) operation for isolated matrix-based AC-DC converters
has been investigated in [1-3]. In these studies, ZCS is achieved by equalizing volt-
seconds in the primary and secondary windings during each cycle and aligning the rising
or falling edges of the primary and secondary voltages, ensuring that the same current
flows at the start and end of the cycle. Reference [1] further proposes a voltage com-
mutation compensation method to eliminate current offsets between cycles caused by
commutation delays.

In the configuration considered in this thesis (Fig. 21), the load voltage cannot be
directly controlled, unlike the isolated converter variations. Consequently, DCM must
occur naturally, requiring a different approach from existing solutions.

Existing DCM strategies developed for standard buck converters cannot be directly
applied to AC-DC matrix converters due to the additional requirement of maintaining si-
nusoidal input currents. In DCM, the output current waveform becomes asymmetrical, so
applying CCM-based modulation methods results in significant input-current distortion.

The method proposed here explicitly addresses this challenge, ensuring sinusoidal input
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Figure 51: Inductor voltage form in CCM and DCM

currents even when DCM occurs at the output.
This chapter presents a new DCM modulation scheme capable of reducing converter
losses while simultaneously decreasing input and output current total harmonic distor-

tion (THD).

5.1 Comparison of standard CCM and DCM voltage control mod-
ulation

In this section, a review of the standard modulation approach in CCM and the imple-
mentation difficulties of voltage control in DCM are presented.

511 CCM Modulation

Standard CCM voltage control is presented in Section 31.1.
Due to the usage of a triangular carrier in Fig. 513, voltage, and as a result, current
have a symmetrical structure. The current average value during the application of each

duty cycle is the same and equals the average current value I, during the whole PWM
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Figure 5.2: Output voltage map in steady-state (voltage is normalized with respect to
input phase-to-phase RMS voltage)

period, so:

Ly, = Iy, = Lot (51)
The average current value I, can be found as:

Iav _ Ist _f'QIend (52)

where Iy, I.,q are current values at the start and the end of the PWM cycle, respectively.

Taking into account the constraint (3.2) and the input voltage angle ¢;,, the voltage
map shown in Fig. 5.2 can be constructed. This map allows determination of the duty
cycles required to achieve a given V* at steady state.

In this chapter for lower modulation indexes, [m, [, 0] pattern is used, while for higher
modulation indexes - [h, m,0]. According to Fig. 5.2, eight distinct operation modes can
be identified. In modes 1, 2, 5, and 6, vectors V,;, and Vj,. are used to generate the required
voltage V., while V. is not applied. In modes 1 and 6, V,;, is applied first, whereas in
modes 2 and 5, V,. is applied first.

For continuous conduction mode (CCM) in steady state, the maximum possible output

voltage achievable using only the voltage vectors V,, and Vj,. (i.e. pattern [m,[,0]) can be
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calculated from (31), (3.2), and (3.5), resulting in:

—Va(Va = Vo) + Ve(Vb — Vo)
‘/;maa:(dl,ob) - ‘/'C . Va (53)

Equation (5.3) is represented by a thin black line in Fig. 5.2. Therefore, modes 3, 4,
7, and 8 require the use of V.. The voltage modes and corresponding voltage vectors
that will be used throughout this research are presented in Table 51. The voltage vectors
application order does not matter in CCM; however, in DCM, the upper vector in the table
is applied first in direct power flow, and second in reverse power flow. This aspect is

discussed in more detail in the following sections.

Table 5.1: Voltage Modes

Voltage mode 1123|456 |7]|8

Vab %c Vac Vac Vbc Va,b Va,c Vac
Used voltage vectors | Vie | Vab | Vao | Vie | Vab | Vie | Vab | Ve

51.2 DCM Modulation

As previously mentioned, in CCM, the voltage applied to the inductor in one PWM
cycle is symmetrical (Fig. 51a), which leads to the fulfillment of conditions (51) and (5.2).
In the case of DCM, once the current reaches zero, the effective voltage applied to the
inductor is also zero. As a result, voltage symmetry is lost (Fig. 51b). Voltage control in
DCM can be achieved by solving the system of equations (3.3), (3.4), and the modified
(3:1):

Vi =di(Va — Vo) + da(Vy — Vo) + d3 (Vi — Vo) + dpent Veap (5.4)

where dpcos is the duty cycle that corresponds to the time during which I, is zero.
During dpcow, Iout 1S cONstant, so the equivalent inductor voltage is zero. As a result, the
equivalent V,, must be equal to Vig,.

Assuming that V., is constant during one PWM cycle, and the reference V" is reached,
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the current at the end of the PWM cycle can be calculated in both CCM and DCM as:

Iend = Ist + TS(VO* - Vcap)/L (5.5)

where L is the inductance value. However, unlike CCM, the current average in DCM cannot
be calculated directly from I, and 1,4 as in (5.2). Instead, it depends on input voltages,
output current, inductance value, PWM frequency, and so on, which makes DCM voltage
control unacceptable given a fixed symmetrical switching pattern (Fig. 51a).

Condition (5.2) can be achieved not only when symmetrical voltage is applied. The

output current variation iyq, = Ieng — It Can be expressed as:

o (t) = % /0 vy (7)dr (5.6)

where vy, is inductor voltage. The condition that forces the average current variation to

be half of 4,4, during the whole cycle (which leads to the fulfillment of (5.2)) is:

L (T)—l/Tsi (1)d (57)
o tvar S_TSO var\T )AT .

After substituting (5.6) into (5.7), the condition for the vz shape during one cycle that

guarantees (5.2) can be found:

Ts Ts Ts
/0 Tor(T)dT = 2/0 v (T)dT (5.8)

where 37 Loup(r)dr = L(VF — Vi) represents half of the average voltage on the
inductor.

Condition (5.8) is inherently fulfilled in CCM when symmetrical voltage is applied. In
DCM, an additional degree of freedom has to be introduced to fulfill this condition, given
that the commutation sequence is unchanged. If the number of commutations per cycle
is fixed, one way to satisfy (5.8) is to introduce a shift § for the duty cycles (Fig. 5.3). With
a correctly calculated 6, condition (5.8) can be achieved without changing the average V,,.

The introduction of this additional variable leads to an increase in computation dif-

ficulty. However, it can be avoided if the output current is controlled directly. In the

following section, a modulator for current control in CCM and DCM is presented.
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dx/2 dy/2 d, dy/2 dx/2
1 oz

Ist / : / lav lena

. NN = e

3 3

Figure 5.3: Current form with shift §. Original current waveform (black), modified current
waveform (blue)

5.2 Proposed current control modulation

As mentioned in the previous section, voltage control in DCM operation increases
computational complexity and requires additional degree of freedom compared to cur-
rent control. Therefore, this section proposes a modulation and control scheme that
directly regulates the output current I,;.

To make the control approach homogeneous, the new modulation scheme is adopted
both when the converter is operating in DCM and CCM. The next subsection starts de-

scribing the latter case.

5.21 CCM Modulation

Let's define a new variable I'* that represents the reference value for the current at
the start and the end of the PWM period. This value has to be calculated in order to
guarantee I,, = I,.f, Where I,y is the average current reference.

In CCM, in steady state, since condition (5.2) is fulfilled, I* can be easily derived as

I* = Lo (5.9)

The output current transient from I; to I.,q = I* (Fig. 51a) can be described in the

following way:

It + kg, dy Ty + kg, dyTs + kaydoTs = I* (510)

where z € [1,2,3], y € [1,2,3] are the duty cycle indexes that are applied during one

cycle, dp = 1 —d, — d, is the passive duty cycle, and T is the PWM period. Slopes kg,
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kq,, k4, are calculated as

ka, = (Va = Vo — Veap) /L
de = (Vb - Ve— Vcap)/L

(511)
kdg = (Va - Ve— Vcap)/L

kdo = (_Vcap)/L

The selection of active duty cycles is the same as presented in previous chapters,
however, the voltage mode is chosen based on V,,, instead of V. This assumption is
reasonable since, at steady state, the average inductance voltage is zero. Duty cycles are
calculated by solving the system of equations (3.5), (5.9), (5.10), (511). The system can be

solved analytically. The solution when d; and ds are applied is

ValIsp — I* + Tskq,)

di =
TS(Va(kdO - kdl) - ch(kdo - kdz)) (512)
gy = Ve .
2= v
The solution for pair dy, d3 is
dr — %(Ist_I*+Tskdo)
1=
TS(‘/IJ(kdo - kd1> - Vc<kdo - kds)) (513)
g — Vedq '
TW
The solution for pair ds, d3 is
do — ‘/b(Ist_I*"i‘Tskdo)
) =
g — V,dy '
TV

5.2.2 DCM Modulation

In DCM, conditions (5.2) and (5.9) do not hold, and additional steps are required to
calculate I*. Depending on the working point, 4 possible current waveform cases in direct
power flow can arise, as shown in Fig. 5.4. dy is a passive duty cycle and corresponds to
the application of zero voltage between the output terminals. Due to symmetrical carrier,

voltage that corresponds to dg and d, is applied two times in two equal time periods.
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DCM during dy,
dgo is zero
!eﬂﬂ'

dy /2 dy/2 d, dy2 d./2
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\ both dy,, dg,
Ise / lana
0 A —
case 2
/ DCM duting dys
’Sf \ / If-.=.-na'
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/ fem'
case 4
\

Figure 5.4: Possible current waveforms during DCM. Direct power flow

d,/2 \L d0/2‘|, dx dyf2 \L d 2

0 case 5

DCM during dx
,sl ',end

Figure 5.5: Possible current waveforms during DCM. Reverse power flow

The duty cycle that corresponds to the highest slope is applied first, according to Table
5. Itis done to avoid DCM zones in the sections I and V. In the reverse power flow, the
highest slope is applied second for the same reason, as shown in Fig. 5.5.

Not all current waveforms are possible for every voltage mode in direct power flow.
In voltage modes 1, 2, 3, and 4, only output current waveforms 1, 2, and 3 can exist. In
voltage modes 5, 6, 7, and 8, instead, only current waveforms 2 and 4 occur.

In general, when calculating duty cycles, the type of current waveform cannot be
predicted in advance. So, after determining the voltage mode and power flow direction,
the calculations have to be made for every possible admissible current waveform until
the correct one is found. It should be noted that the CCM waveform has to be also
checked. Steps to be performed each PWM period are shown in Algorithm 1.

The algorithm can be divided into three main steps: calculation of I*, calculation of
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d.,dy, and validation. Due to limited space, equations are derived only for one current
waveform (case 1), assuming that active duty cycles are d, and dy (d, is applied first).

The derivation procedure for other waveform types and voltage modes is the same.

5221 Calculation of I'*

The average current value in @ PWM period can be calculated as

d d
Iow = (I1 + Iv)?x + (I + IIV)?O +Irrrdy = Ipef (515)

With reference to Fig. 54, Iy, k € [1..V], are the average currents during each section

of the current waveform. They can be found as

., 1 d
I;=T1"+ §kdes?m

—(I* + kg, T %)?

It = ;
kq,Tsdo
1

Iiir = Sk, d, T, (516)
I — _(kdyTde)2

v kdoTst )

1 d
IV == ikdszgx

In order to ensure that the value of the current is the same at the start and at the end
of the PWM period and to provide a relation between I'* and duty cycles, the following

condition has to be fulfilled

1
I* = Sk, Tuds (517)

I* can be found by solving the system of three nonlinear equations

- (515), (516) that guarantee reference average current;

- (517) that provides Iy = Ipg = I*;

- (3.3), (3.4) that ensures sine wave input currents with unity input power factor.

Please note that only the I* value is kept for the next steps. d, and d,, are discarded

and recalculated as explained in the following subsection.
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Algorithm 1 Duty Cycles calculation in DCM

1: procedure

2: Data acquisition < Vg, Vi, Ve, Veap, Tout

3 Voltage mode and power flow direction determination
4 types < array of possible current waveforms

5: 140

6: isValid < false

7 repeat

8 Calculate I* for waveform types(i)

9: Calculate d,, d, for waveform types(i)
10: isValid < validation of d,, d,

11 141+ 1

12: until isValid = true or all waveforms are checked
13: if isValid = true then

14 Use calculated d,, d, in the next PWM period
15: else

16: Calculation error

17: end if

18: end procedure

52.2.2 Calculation of d, d,

Duty cycles d, and d, are calculated to guarantee that at the end of the PWM period the
current reaches the I* value. In this case, the system of two nonlinear equations (517),
(3.3) and (3.4) has to be solved.

Equations are the same as for I* calculation, but at the beginning of the PWM period,

the current waveform starts not from I*, but from the measured value I;.

5223 Validation of d,, d,,

Calculated duty cycles d, dy, have to be verified. The following set of checks has to be

done to ensure that the selected current waveform is feasible:

3. Calculated current at the end of each section must be positive (or negative in re-

verse power flow);

4. In each section of the current waveform that has DCM mode, the time to reach zero

current has to be smaller than the section itself.

Dmytro Rodkin 103



Chapter 5: Discontinuous conduction mode modulation Ph.D. Thesis

d2 | dof2 d, do2 | du/2

L

1
st \ P

(. e\

Figure 5.6: Fault tolerance capabilities during DCM operation: expected I,,,; (black), real
I.: (green) given not expected I

If all checks are passed, calculated duty cycles can be used in the next PWM period. If

not, the procedure must be repeated for the next current waveform.

5.2.3 Fault tolerance

Output current can still be controlled in DCM even if output current is not measured.
It can be achieved if calculated duty cycles from the first step (Calculation of I*) of the
calculation sequence are preserved and the second step is skipped. In this case output
current will converge naturally to DCM zone in both direct and reference power flow even
if initial current value is not correct (Fig. 5.6). In transients input current THD is going to
be higher, however in steady state performance has to be identical comparing to normal

operation.

5.3 Capacitor voltage control

A Pl voltage controller is adopted to regulate the output capacitor voltage. Diagram

of the converter and control system is presented in Fig. 5.7. The controller equations are

Iref =K ‘70(1 +Xv
ne (518)

Xv = Kif//cap

where I7cap = Vyes — Veap 1S Capacitor voltage error, V.5 is the capacitor voltage reference

and K, and Kj; are proportional and integral gain respectively.
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AC'DC | Y TY Y i N >
o——YYTY Matrix L 8
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\F Vo}@g&,,}rgﬂv& Vo, Ve 1dx:dy Iload Vcap’i
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! Pl 1 (see Algorithm 1)
LT \
[ - _

Figure 5.7: Diagram of the converter and control system

5.4 Inductance estimation

Inductance is the only parameter that the proposed algorithm uses for duty cycle
calculation. It can be easily estimated online when working in DCM by minimizing a cost

function

J = (L(fr+(ds, dy) — In))? (519)

where fr-(d;,dy) Is a function that describes the output current shape after the last
DCM zone up to the I,,4 value; I,,, is the current measured at the start of the PWM cycle.
The function is different for every current case. For current case 1, described in the
subsections above, the function corresponds to (5.17).

After simplification and gradient calculation, the parameter estimation law for every

current case is as follows.

VI (0.5AV,d, Ts — I, L) if case=1,2,4

VI (AVyydy Ty + 0.5AVydo T

-
I

+0.5AV,dyTs — I, L) if case=3 (5.20)
I (0.5AVodo T

N

+0.5AV,d,Ts — I, L) if case=5

\

where v is a tuning gain, AV, AV,, AV, are instant output voltages applied to the load
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Figure 5.8: Experimental results for inductance estimation given presented output cur-

rent trajectory
in one PWM cycle and are calculated as

A‘/1:‘/a_vb_‘/cap
AVQZW)_‘/C_‘/CGP (521)
A‘/E’):Va_‘/;_‘/cap

AVO = _‘/cap

In (5.20), duty cycles and current cases calculated for the previous cycle are used for
computation. Higher values of « results in a faster but noisier inductance estimation.
The tuning has been performed by try and error in order to obtain the best compromise
between dynamics and noise rejection. Experimental results for inductance estimation
are presented in Fig. 5.8. The output current reference is presented in the figure. The
slight variation in the estimated inductance shown in the figure is due to two main fac-
tors. The first is the presence of unmodeled imperfections such as dead times, switch
voltage drops, and similar nonidealities. The second is the inductor core saturation,

which increases with the current amplitude.

5.5 Experimental results

In this section, the converter performance using the designed current control DCM
modulator is compared with the standard voltage control modulator experimentally. Ex-
perimental setup is the same as described in the previous chapter, but output inductance
value is decreased to expand DCM zone. For all the tests below L = 0.3mH.

Modulator performances are compared in steady state in various operational points.
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Input current THD, output current ripple and losses are compared. The proposed mod-
ulator performance during transients is examined.

A "4-step commutation” approach is used to control bidirectional switch commuta-
tions [4]. In DCM, the algorithm has been slightly modified in order to permit the current

flowing in only one direction, according to the power flow.

5.5.1 Real time calculation of the duty cycles

The modulation approach presented in the previous section requires solving systems
of nonlinear equations in real time. For this purpose, the Newton-Raphson algorithm is

utilized. For realization of the algorithm in C language, the library [5] is used.

Set initial conditions and parameters

v

n = Inf
1=0
X[0] = X

TRUE Use x[i]

Calculation of inverse Jacobian J'l(x [iD)
Calculation of equation values f(x[i])

Calculation of n = norm(f)

v

Ax =]
x[i+1] = x[i] - Ax

v

i+

Figure 5.9: Block diagram of Newton-Raphson method
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As was mentioned in the previous section, duty cycles are calculated in two stages:
I* calculation and d,, d, calculation. If presented equations are solved directly, when
I* calculation would require solving system of three equations, while d, d,, calculation
- system of two equations. For real time operation, it is necessary to reduce amount of
iterations as much as possible, and one of the most effective ways to do it is to reduce
order of the systems of equations. Therefore, before translating equations to C, they are
combined and simplified. For Case 1 of the waveform it is done by substituting (517) into
(515), (516). After simplifications are made, I* requires solving a system of two equations,
d, dy, - one nonlinear equation.

Newton-Raphson algorithm requires also calculation of Jacobians of the equations.
They are also preliminary calculated and inverted to ease computation burden. Block
diagram of Newton-Raphson algorithm is presented in Fig. 5.9. Function norm() in the
diagram is L2 norm. Function f and Jacobian J are derived separately for each case and
stage. After calculation, variable « is used to calculate d,, d, or I* depending on the

stage. Generally algorithm iteratively calculates « so that

fo(zo,x1,...,2n)
fi(zo,z1,...,20)
F(x) = =0 (5.22)
_fn(wo,frh 7xn>_
Jacobians are calculates as
[ Of Of . 0f ]
drg O0x1 Oxy,
ofh ofh oK
J(w):af(w): dxrg Ox1 Oxn, (5.23)
ox
Ofn Ofn  Ofn
-8.%0 8%1 85571-
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Below details of implementation of the proposed algorithm using Newton-Raphson

method are presented.

5.511 Stage 1. I* calculation

The system of equations (5.17), (515), and (5.16) is simplified and solved for & = [d, d,].

The function is defined as f = [fo, f1]. For the current Case 1, fy is given by

QIref kdo + d:%k‘?lsz + d;k?lyTs - d%kdokdes — dgkdokdyTs
kg

(5.24)

fO(daw dy) = -

A complete generalization for d, and d, cannot be achieved in the calculation of fi,
since equations (3.3) and (3.4) depend directly on the input voltages. The basic form of

the equation is

f1(dy, dy) = VoI, — VeI, (5.25)

The calculation of currents I. and I, depends on the pair of duty cycles used. This
pair generally depends on the input voltage angle and the modulation index.

|fdx = dl,dy = dgi

I, =1,
(5.26)
I=-1I,
If dw = dg, dy = dli
I, =1
Y (5.27)
I =—I,
If dy = ds, dyy = dy:
fom et dy (5.28)
I =—I,

Dmytro Rodkin 109



Chapter 5: Discontinuous conduction mode modulation Ph.D. Thesis

If dx = dg,dy = dgi
(5.29)

Currents I, and I, depend on the current waveform case. For current Case 1, they are

calculated as

1
I, = Qdfckmes

(5.30)
1 2
Iy = dgka, T,
Jacobian matrix is defiend as
o
8.’3 afl %
dd, 0d,
The derivatives ggo and ggﬂ are derived directly from fy. For current Case 1they are
x y
Afo _ doka,(kay — ka,)Ts
ad, kdy
5.32
Afo  dyka,(kay — Fa,)Ts (532)
ad, kd,
The derivatives Oh and oh are calculated based on (5.25):
ody, ady
oft ., 0l o1,
od, V“adx Vcadx (5.33)

ofp ., Ol ol,
od, Ve ad, VCady

The derivatives géc and gfza are calculated based on (5.26), (5.27), (5.28), and (5.29).

The derivatives for each case are calculated below.
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If dx = dl,dy = dgi
oL, _ ol
od,  0dy’
oI, I,
ad, — ad,’
o, ol (5.34)
od,  0d,’
oL _ oI,
od,  od,
If dw = dg,dy = dli
oI, I,
od,  0dy’
o, _ oI,
ad, ~ ad,’
oI, - _% (5.35)
od,  od,’
oI, Ol
ad, ~  od,
If dw = dg,dy = dli
oI,  O(L, +I,)
od, od,
0l,  O(I; + 1)
od, N od,
o, oI, (5.36)
od,  0d,’
ol. 0l
ad, —  od,
If dm = dg,dy = dQI
oL, _ ol
od,  ody’
oI,  OlI,
ad,  ad,’
oL, (L +1,) (5.37)
od, od,
aIc _ _a(Ix + Iy)
ad, ad,

For current Case 1,

oI, I, oI, oI,

ad,’ dd,’ od,’ dd,

are calculated from (5.30) as
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oI,
8dz — dzkdwTs
oI,
8dy‘70 (5.38)
oI, 0 '
od,
oI,
aidy == dykdyTs
Inverse Jacobian is calculated as
ofn b
_ 1 od od
J 1(a:) e Yy v,
od, 0Od,
_0hof 0k oh
AU (@) = 50, 94, ~ 9d, od,
Once = = [d,, d,] is calculated, I* for current case 1is derived as
1
I*zzik%de; (5.40)

After I'* is calculated, the second stage can be started.

5512 Stage 2. d,, d, calculation

After simplification, the calculation of d, and d,, requires solving a single nonlinear equa-
tion. The vector of unknown variables is defined as « = d,. The value of d, can be
calculated directly. For current Case 1, the equation is given by

2rI*

dy = 541
m T, (5.41)

The function f is calculated in the same way as fi(d,) in Stage 1. Equations (5.25)-

(5.29) are valid in this case. For Case 1, I, and I, are given by

Dmytro Rodkin 112



Chapter 5: Discontinuous conduction mode modulation Ph.D. Thesis

I (Ig + 1)

Ix — 9
1 lea, T (5.42)
2
Iy == §dyk'dyTs
. . of1 . - oI, I,
The Jacobian for fy is the same as ad, in (5.33). The derivatives ad, and dd,, are
defined in (5.34)—(5.37), depending on the duty cycles used. The derivatives gflx and g(lly
Yy Y
are calculated from (5.42) as
I
gd =0,
y (5.43)
oly _ .o
ady -y dy

Inversion of Jacobian in this case is J=1 = 7 Once = = d, is determined, d,, is
determined from (5.41).

Functions and its derivatives for other current cases are presented in Appendix B.

Output current

/"\ """ A AT oA
@ [ RPN B B N e

Figure 5.10: Experimental waveforms of inductor voltage in CCM and DCM
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Figure 511: Input current and voltage in direct and reverse power flow, using proposed
DCM modulation and standard CCM modulation.FFT for input current in each mode. Out-
put current I, is 2A
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Figure 512: Experimental power losses comparison in CCM and DCM for various output
power levels

5.5.2 Experiments description

Given a switching frequency of 8kHz, the real-time task computation time should not
exceed 125us. The average computation time of the proposed DCM algorithm is 23.5us,
which is well inside of the limit. While average computation time in CCM is 6us. Com-
putation is done by checking real-time timer value before and after execution of a real
time task.

The power supply voltage is 100V for every test. In order to control the output cur-
rent, a Pl controller is used when the standard voltage modulator is used. Experimental
waveforms of inductor voltage and output current (Fig. 5.1) are presented in Fig. 5.10.

Input phase current and voltage waveforms with the standard and DCM modulator are
shown in Fig. 511. The output current is 2A. The FFT of the input current for each operat-
ing mode is also shown. The capacitive behavior observed in the figures is caused by the
input filter capacitor. At higher power levels, the power factor approaches unity. In this
thesis, only unity power factor operation is considered, neglecting the influence of the
input filter, whose effect is significant only in the low-power region. Losses comparison
is presented in Fig. 512. Input power is calculated based on two input phase-to-phase

voltages and two input phase current measurements. Output power is calculated based
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Figure 513: Experimental input current THD comparison in CCM and DCM for various out-
put power levels

on I,y and Vg, measurements. All acquisitions are done with the oscilloscope. Bene-
fits of the DCM modulator are much higher at lower power since the output current is
constantly in the DCM zone. At higher power levels, the output current moves out of
the DCM zone, and as a result the losses are approximately equal in both modulation
methods. Input current THD comparison is presented in Fig. 513. The DCM modulator
shows superior performance in both power flows, especially in the low power region.
For power levels above 200W I;, THD is approximately 5% for DCM, and 10% for CCM in
direct power flow. In reverse power flow THD is 10% for both modulation methods. It
can be explained by the fact that the output current ripple in DCM is much lower, and as
a result, influence of output inductance saturation on the THD is lower. THD of output

current is also compared. It is computed in the following way:

120 7o
2 =1 In (5.44)

THDDC(Iout) - Id
c

where I is a DC component of I,,;. The maximum harmonic is the 120th (6kH z), since
the goal is to evaluate the presence of low-frequency harmonics in I, but not switching
harmonics.

Comparison results are presented in Fig. 514. Similarly to input THD, output current
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ls

ripple in DCM in the low power zone is much smaller. In direct power flow, for power

levels above 200W I;, THD is approximately 5% for DCM, and 12% for CCM. In reverse

power flow, THD is

7% for DCM and 15% for CCM.

Figs. 515 and 5.16 present the performance of the proposed modulator under tran-

sient conditions. In the modulator, the current is expected to reach its reference in one

switching cycle if (3.2) is fulfilled. Depending on the power flow direction and conduc-

tion mode, the 4-step switching sequence is different. The algorithm, in any point of

operation, stays in one of three states: CCM operation, DCM direct power flow operation
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Figure 516: Transient in DCM. Input current and voltage, I,y = 2 — —2A

(DCM1), and DCM reverse power flow operation (DCM2). Assuming that Vg, is always pos-
itive, the power flow direction is determined depending on the sign of L..y. In Figs. 515
and 5.6, the converter initially operates in the DCM1 state. Once the sign of I,y changes,
the converter state changes to CCM. After one cycle, if (3.2) is fulfilled, the converter state
changes to DCM2.

In order to test the performance of the system in capacitor voltage control mode, the
following experimental test is proposed: at ¢t = 0s, V,.; steps to 100V, and at ¢ = 0.06s,
Vier Steps to 75V. The voltage Pl loop gains are set to K, = 0.2 and K; = 16. The
test is performed with the output voltage supply disconnected from the load. The load
resistance is set to 35€2. Experimental results are presented in Fig. 517 and show a fast

transient response.

5.6 Chapter Summary

This chapter presented a novel modulation scheme for the AC-DC matrix-based buck
converter, enabling efficient operation in Discontinuous Conduction Mode (DCM). The
proposed approach was investigated and compared against standard Continuous Con-

duction Mode (CCM) operation to evaluate its impact on power quality and converter
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Figure 517: System performance in voltage control mode

efficiency.

The analysis and experimental results demonstrated that operating in DCM improves
the Total Harmonic Distortion (THD) of both input and output currents. These improve-
ments are primarily attributed to a reduction in current ripple during both direct and
reverse power flow. Furthermore, the transition to DCM modulation was shown to reduce
overall power losses. performance improvements come with increased computational
effort compared to CCM.

Experimental findings showed that the advantages of DCM are dependent on the
load characteristics, input voltage levels, and the specific operating point of the system.
In particular, the systems requiring a wide output voltage range while operating at low

output currents derive the most significant benefits from this modulation strategy.
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Chapter 6:

Conclusion

This thesis investigated modulation methods and switching pattern selection for AC-
DC matrix converters. Existing research on matrix converter modulation either identifies
a limited set of switching patterns with favorable performance or optimizes predefined
patterns to reduce output current ripple. However, none of the previously published
works has conducted a comprehensive and objective investigation aimed at identifying
the globally optimal switching pattern in terms of minimizing output current ripple while
considering the full set of feasible patterns. One of the main challenges of such an
investigation is the extremely large number of possible patterns that satisfy the funda-
mental operational constraints. An additional challenge arises for patterns with four or
more switching states per half cycle, where further optimization is possible but manual
derivation of optimization equations becomes impractical.

This thesis addresses these challenges by proposing an automated procedure for
systematic pattern generation and optimization. All feasible switching patterns are eval-
uated one by one in order to identify those that minimize output current ripple. Since
patterns with a higher number of commutations per cycle inherently exhibit lower ripple
but incur higher switching losses, switching losses were explicitly taken into account in
the optimization process. Furthermore, even patterns with the same number of com-
mutations can result in different switching losses per cycle. As a result, this research
presents sets of switching patterns that achieve an optimal trade-off between output
current ripple and switching losses.

For the selected optimal patterns, analytical optimization was derived to enable im-
plementation in real-time control systems. The proposed modulation strategies were
experimentally validated, and the measured results closely match the analytically de-
rived characteristics, confirming the accuracy of the proposed models and optimization

approach.
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The comparison discussed above evaluates the maximum output current ripple over
one input voltage period for each pattern. However, further ripple reduction can be
achieved by switching between different patterns within a single input voltage period.
Since continuous switching between patterns is not feasible in practical systems, an opti-
mization was performed to determine the optimal selection of one, two, or three patterns
that minimizes the total output current ripple over the entire operating range. The re-
sults of this optimization are presented in the form of maps that select the appropriate
pattern group based on the input voltage angle and modulation index. The resulting
output current ripple is compared with standard modulation methods, including SYM
and DC-SVM, at different power factors. The results demonstrate superior performance
of the optimized pattern sets compared to the conventional methods.

In the final part of the thesis, an alternative modulation approach based on dis-
continuous conduction mode (DCM) is presented for loss reduction and performance
improvement. Compared to standard continuous conduction mode (CCM) modulation
methods, DCM modulation enables improved efficiency and reduced input current total
harmonic distortion at low output current levels. A new current-control-based modula-
tion method is introduced, as the direct application of standard modulation techniques
in the DCM region leads to significant input current distortion. Additionally, a method for
estimating the output inductance is proposed, as it is the only parameter required by the
new modulator, making the approach robust to parameter variations. The proposed DCM
modulation and control strategy were experimentally validated and demonstrated supe-
rior steady-state and transient performance compared to standard CCM voltage control

operation.

6.1 Future work

The methodology developed in this thesis can be extended to other types of power
converters that feature a large number of feasible switching patterns. Similar system-
atic pattern optimization frameworks could be applied to these converters to objectively
identify optimal modulation strategies under various performance criteria.

Furthermore, the proposed optimization approach is not limited to output current

Dmytro Rodkin 122



Chapter 6: Conclusion Ph.D. Thesis

ripple minimization. It can be generalized to optimize other performance metrics in-
fluenced by switching pattern selection, such as input current ripple, total harmonic
distortion, switching losses. Multi-objective optimization frameworks could also be in-
vestigated to balance several performance indicators simultaneously.

One promising candidate for further research is the AC-AC matrix converter. Due to
the structural and control similarities between AC-DC and AC-AC matrix converters, the
proposed automated pattern generation and optimization procedure can be adapted
with only minor modifications. This extension would allow a comprehensive evaluation

of optimal switching patterns for AC-AC conversion across different operating conditions.
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Appendix A

Appendix A presents optimized maps for 4- and 5-states patterns for different power

factors and set number s.

A.1 Unity power factor

Maps of 4-state patterns for s =1, s = 2, s = 3 are presented in Fig. A1, Fig. A2 and
Fig. A.3. Corresponding patterns are shown in Table Al.

Output current ripple, p.u. Optimal patterns map
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Modulation index

0 w12 /6 wi4 /3

Input angle, rad Input angle, rad

Figure A1: Map of normalized current ripple for optimized set of 4-state patterns s = 1
for unity power factor

Output current ripple, p.u. Optimal patterns map
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Figure A.2: Map of normalized current ripple for optimized set of 4-state patterns s = 2
for unity power factor
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Optimal patterns map

Output current ripple, p.u.
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Figure A.3: Map of normalized current ripple for optimized set of 4-state patterns s = 3
for unity power factor

Table A: 4-state patterns used in optimized sets for different set number s

(@)s=1 ()s=3
Group Number Pattern Group Number Patterns
0mh0, mOh0O, 0hmO0 0lm0, 10m0, 0ml0
P1jstates 0hOm, hOmh, hOhm P1gstetes  0mOlL,mOlm, mOml
hmOh, mhOh ml0m, ImOm
(b) s =2 P2§I§f§§§ Imhl, lhml, mlhm, mhlm
4 states
Group Number Patterns P3opts=3  0h0m, mORO

P 1‘3;{‘;25 mO0lm, mlOm

P2§;ﬁ§§§ Imhl, Thml, mlhm, mhlm

Maps of 5-state patterns for s = 1,s = 2,s = 3 are presented in Fig. A4, Fig. A5 and

Fig. A.6. Corresponding patterns are shown in Table A.2.
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Output current ripple, p.u. Optimal patterns map
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Figure A4: Map of normalized current ripple for optimized set of 5-state patterns s = 1
for unity power factor

Output current ripple, p.u. Optimal patterns map
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Figure A.5: Map of normalized current ripple for optimized set of 5-state patterns s = 2
for unity power factor

Output current ripple, p.u. Optimal patterns map
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Figure A.6: Map of normalized current ripple for optimized set of 5-state patterns s = 3
for unity power factor
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Table A.2: 4-state patterns used in optimized sets for different set number s

@s=1 (c)s=3
Group Number Pattern Group Number Patterns
15 states hOhmO, hOmhO 15 states ImO0lm, Iml0m
opt,s=1 0hmOh, 0OmhOh opt,s=3 mOIlml, mlOml
Imhlm, lhmilm
(b) s =2 P25

milmhl, mlhml

h0mOh, mOhOm
0mOh0, 0h0mO

Group Number Patterns

5 states
P30pt,s=3

P15 states ImOlm, Iml0m
opt,s=2 mOlml, mlOml

P95 states Imhlm, lhmlm
opt:s=2  imhl, mlhml
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A.2 Power factor ¢ = ¢ rad

Maps of 4-state patterns for SV M, DC — SV M, s =2, s = 3 are presented in Fig. A7,
Fig. A.8, Fig. A9 and Fig. A10. Corresponding patterns are shown in Table A3.

Optimal patterns map

Output current ripple, p.u.

5 g
2 0.08 g
£ 08 03
g8 g
£ 006 -S
<06 =06
E E
= =N

w12 /6 /4 /3

0 w12 /6 /4 /3 0
Input angle, rad

Input angle, rad

Figure A7 Map of normalized current ripple using SVM for 4-state patterns for power
factor ¢ = § rad

Table A3: 4-state patterns used in different modulation strategies for power factor ¢ =

s
g rad

(a) SVM (c)s=2
Group Number  Pattern Group Number  Patterns
PG g Omh0, 0hm0 P1istates s Ohm0, 0mh0
Pastates 1hOh, hOI patstates  1hOh, hohl
(b) DC — SVM (d)s=3
Group Number Patterns Group Number  Patterns
P 1%%(1—152'81/M,4p:7r/8 ml0m, mOlm P 1?;;&7;’:6;@:” /g mi0m, mOlm
p2jstates Mpr/s MIhm, mhlm p2} s o Jg hmlm, mimh

P3gpsttztj§ <p:7r/8 hmlh, himh
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Output current ripple, p.u.
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Figure A.8: Map of normalized current ripple using DC-SVM for 4-state patterns for power

factor ¢ = § rad
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Figure A.9: Map of normalized current ripple using optimized set s = 2 for 4-state patterns

for power factor ¢ = § rad
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Figure A10: Map of normalized current ripple using optimized set s = 3 for 4-state pat-

terns for power factor ¢ = § rad
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Table A4: 5-state patterns used in different modulation strategies for power factor ¢ =

s
3 rad

(a) SVM

Group Number Pattern

P15 states

SVM,p=m/8 hOmh0, 0hmOh

0hlOh, OhOLR
hOLRO, hl10RO

5 states
stVM,Lp:w/S

(b) DC — SV M

Group Number Patterns

P15 states lmOlm, ImlOm
DC=SVM.p=r/8 m0lml, mlOml

P25 states

DC—SV M, p=r/8 mlhml, Imhlm

(0)s=2

Group Number Patterns

P15 states

opt,s—2,p—1/8 hOmh0, 0hmOh

P25 states Othh, 0RO0lA
opt,s=2.9=m/8 hOLhO, hl0hO

(d)s=3

Group Number Patterns

P15 states ml0m0, 0mOlm
opt,s=3,0=7/8 Oml0m, m0lm0

P25 states

opt.s=3,p=/8 mlhml, Imhlm

P35 states

opt,s=3,p=m/8 0rORm, mhOhO
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A.3 Power factor ¢ = 7 rad

Maps of 4-state patterns for SVM, DC — SVM, s = 2, s = 3 are presented in Fig.
A5, Fig. A6, Fig. A17 and Fig. A18. Corresponding patterns are shown in Table A5.

Optimal patterns map

Output current ripple, p.u.
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Figure A15: Map of normalized current ripple using SVM for 4-state patterns for power
factor ¢ = 7 rad

Table A5: 4-state patterns used in different modulation strategies for power factor ¢ =

s
1 rad

(a) SVM (0)s=2
Group Number Pattern Group Number  Patterns
4 states Oth, OmOh, 0hmO Pliz;sttgt:e; o/ mlom' m0lm
P1gy M.p=r/4 h0mO0, mOhm, mOmh
mhOm, hm0Om P2‘o1 pif‘;’;eg’wzﬂ /4 lhml, lmhl
4
polstates - hlOh, hOlh @53
Pp3istates mOlm, mlOm
SVMyp=m/4 Group Number  Patterns

(b) DC — SV M .
PLystetes iy miOm, mOlm

Group Number  Patterns P2§psf§tﬁ§,¢:7r Ja lmOm, mOml

PIRE" Sy ap=ra 10ML, IO P3istatcs  Uhml, Imhl

Pabyiates 4 Uhml, Imhl
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Output current ripple, p.u. Optimal patterns map
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Figure A16: Map of normalized current ripple using DC-SVM for 4-state patterns for power
factor ¢ = § rad
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Figure A17: Map of normalized current ripple using optimized set s = 2 for 4-state pat-
terns for power factor ¢ = 7§ rad
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Figure A18: Map of normalized current ripple using optimized set s = 3 for 4-state pat-
terns for power factor ¢ = 7 rad
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Table A.6: 5-state patterns used in different modulation strategies for power factor ¢ =

s
1 rad

(a) SVM

Group Number Pattern

P15 states 0mh0m, 0hmOm
SVMp=r/4  m0mh0, mOhm0

P25 states lh(]lh, LhIOR
SVM,p=r/4  Bl10hl, hOlhl

P3b states 0ml0m, 0mOlm
SVMp=r/4  m0lm0, ml0m0

(b) DC — SV M

Group Number Patterns

plfb%cﬁfgﬁi/M o/ mlOml, ImOlm

Pop states mimhl, mlhml
DC=SVM,p=n/4 [mhlm, lhmlm

(c)s=2

Group Number Patterns

Plngtf‘;tj;(p:ﬂ 74 mlOml, Im0lm

P9 states hihml, hlmhl
opt,s=2,0=m/4 |hmlh, Imhlh

(d)s=3

Group Number Patterns

P15 states 0ml0m, mOIlm0

opt,s=3,p=m/4
mhlhl, Ihlhm, hlmhl
o states Ihimh, thmih, hmlhl
opt,s=30=m/4 [mhlh, mlhlh
hlhlm, hlhml

P35 states thhO, 0hOlh
opt,s=3.¢=7/4 0hIOh, hOIhO
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Appendix B

This appendix presents the equations used to calculate the duty cycle for each current
waveform case. In the main body of the thesis, only the equations corresponding to
Case 1 are provided. Equations for current waveform Cases 2-5 are included here for
completeness. Most of Subsection 5.5 is applicable to every case; therefore, only the

missing parts are shown.

B.1 Stage 1: /* Calculation

The function f, for current Case 1is given in (5.24).

For Current Case 2:

dagckdes
folda,dy) = 2422 —
doka, T dykq, Ty
dokg,Ts 2
do (dohaTs g (M 4 kg, T, + dyha, T2
2 4 xhdy L s dok‘dOTS
For Current Case 3:
kg T,
fo(de’dy) =t — Iref
dy
+ 5 (dokayTs + duka, Ts + 2dy kg, Ts) ©2)
doka T 2
@ M-ﬁ-d ko T — (TO_‘_dxkmes‘i‘dyk’dyTs)
2 4 yhdy+s dOkdOTs
For Current Case 4:
kg Tsd
kg, T, (dxkdes — oo 0) do
folde,dy) = — 2ka, Ts( Irey — 2 + 2 (B3)
B.3
kg Tsdo\ 2
- <dxdeTs - d02 O)
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For Current Case 5:

oldde,dy) = PO TRETE g g (a7 4 dy (e, T2
C (kayTo)?  (dekayTo)?  (dyka,To)?  (dyka,Te)?
2 2 2 2
— dypkg Ty kq, Ts — w — dykay Ts ka, Ts + W (B.4)
— dydy (g, Ts)? + dz“’“dﬂ;f faaTs | g2gy Tk Ty + dzdykdf < Koy 1
dydyka, Ty kg, T

+ dggdykdOTs kdyTs —

2

For calculation of fi, I, and I, are necessary to calculate. For current Case 1, they are
presented in (5.30).

For current Case 2:

2
T,
L dxk;m
dyka To  kagTudo (B.5)
I, = dy | doka, Ty + 5= — =02

For current Case 3:

- dy (dzk‘des + Qdyk‘dyTs — kdodOTs)

2 (B.6)
;o d2ka, T,
Y 2
For current Case 4:
I = d2 ka, Tska,
(B.7)

kao Ts(dy + dy — 1))2

I, =— (dxkdsz — 5

For current Case 5:

dykqg, Ts ka,Tsd
(dykia, Ty — kayTdo) (25 — o)

I, = —
ka, (B.8)

dyka Ts kg Tad
Iy:dy(y;y - d°2 0)

Reference current I* for current Case 1is shown in 5.40. For other current cases it is
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as follows.
For current Case 2:
L 1
I* = Sha,daT, (B9)
For current Case 3:
N 1 1
I = kdyTsdy -+ ikdoTst + §kdszd$ (BJO)
For current Case 4:
N 1
I = 5k:glmdsz (B11)
For current Case 5:
. 1 1
I = 5dok:dOTS + §dykdyTs (B12)
. 0 0 )
Derivatives fo , Jo are shown in (5.32) for current Case 1.
ad, ' 0d,
For current Case 2:
dfo 2d, k3 Ty + dyk3 Ts — 2dykayka, T
ad, kg, ’
_ —Qdykdo kdITs — dykdo kdyTs + Qdykdz kdy T (813)
2k, ’ '
% (kdo — kdy) (kdo — dgkq, + 2dgkq, — 2dykq, + Qdykdy)TS
od, 2k,
For current Case 3:
dfo _ (kdo — kd,) (kdo - Qdmk’do + dekdz — dykdo + Qdykdy)Ts
ody 2k,
of  doki Ts+2dyk] Ty — dokayka, T (B14)
ody 2k,
—Qdmk‘dg kdyTs + 2d$/€dz k’dyTs — Qdyk‘do kdyTs
2kq,
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For current Case 4:

0 d.k 1/k kg, d
fO = ZdeyTS( da + = <do — kd1> do + d08 0>T3

Ody, 2 2\ 4
kq,d k
+2 (dpkg, — ~20) (2o _ g, ) T2, (B15)
% _ (kdo — kdy)(kdo — dzkg, + 2d kg, — dykdO)Ts2
od, 2

For current Case 5:

gz;o = k3,12 — dok3, T2 — dyk3, T2 — kagka, T2 + dykayka, T?
dykaoka, T2 dyka, ka, T}
+ % + dykagha, T2 — 2220 (B16)
dfo  (kay — ka,) (2ka, — ka, — 2dukay + daka, — 2dyka, + 2dyka,) T2
od, 2
L ol, oI, 01, OI .
Derivatives —= —% ——2 Y for current Case 1 are shown in (5.38).
ad,'od,’ dd,’ od, (538)
For current Case 2:
ol
= d kg T,
od,, do
8L,  dy(kayTs — 2kq,Ts)
od, 2 ’
oI, . (B17)
od,
aIy kdO Ts da} kdo TS
Py _ _ dpka, Ts — dykg, Ts + dykq Ty
ad, 2 g 1 dalds yRdots + dyRd,
For current Case 3:
ol, kq. T ka,Ts
= W — ok T + kg, — 20" + dyka, T
ol
il R
0d; (B18)
0L, dulkay — 2ka,)T, -
od, 2
ol
87612; = dykdyTs
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For current Case 4:

ol
L =2d, T?
S = 2ok ka, T3
I T, T,
oL, _, dokg Ts — FagTsdo ) (hido — kg T,
dd . 2 2 g
o1 (B19)
T 0
ad,
oI, kayTsdo
Y = ko Ty ( dyky, Ty — “0=570
ad, " ( da 2

For current Case 5:

oI, _ kq, (kdo = dakay — dyka, + dykdy) T

od, kq,
% o dykq,Ts
ad, 2
’ (B.20)
oI, B (kdo — kdy) (kdo — dxkdg — dykdo + dykdy) T,
ady a kq,
8Iy _ ka,Ts B dykayTs

—dykyg T + dykyg T,
ad, 2 2 yRdods + dylid,

B.2 Stage 2. d,, d, calculation

o I, OI
Duty cycle d,, current components I, I, and derivatives 9. gdy for current Case 1
Y Y
are shown in (5.41), (5.42), (5.43).
For current Case 2:
27"
dl’ = 7
kdes
I I* (Igq+I*)
v k;des
kg, T 2I* dykq, T
I, =d, | I j e — d — =1 Y .
Y y( t+ 2 <y+k‘dITs )"' 2 (821)
oI,
=0
ad,
a[y kd Ts 2I* dykd Ts kd Ts kd Ts
— =] I* _ 0 d - 1 g My d 0 _ Yy
ad, ~ T 2 (y ka, Ts >+ 2 v\ 2 2

Dmytro Rodkin 140



Chapter 6: Conclusion

Ph.D. Thesis

For current Case 3:

21* — ko Ts + dykgy Ts — 2d,kq, T

dy = —
kdoTs - k:dx Ts

I =-

(Lot + I*) (2I* = ko T + dyka,Ts — 2dykq, Ts)

2(kayTs — kq, Ts)
1
I, = §d§kdyTS

ol, . (kdo — 2kdy)(lst + I*)

ady 2(kay — ka,)
oL,
V= dykg, T,
od, U

For current Case 4:

2I*
kg T
20" ka, (Lst + ™)
= ™

dy

T

kg T. 27"

2
oI,
od,,
oI,
a4,

=0

ko T
= kg, T <Ist+I*— do (d +

For current Case 5:

2I" — kqyT's + dykq,Ts — dyk‘dyTs

ka,Ts

(B.22)

(B.23)

(B.24)
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