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RESUMEN

Actualmente, el mundo está cambiando la forma en que genera energı́a, pasando de un

sistema eléctrico basado en baja penetración de energı́as renovables, flujos de potencia uni-

direccionales y baja participación de conversores de potencia, a un sistema eléctrico con alta

inclusión de energı́as renovables, flujos de potencia bidireccionales y alto uso de conversores

de potencia.

Los conversores AC-AC jugarán un rol fundamental en los sistemas del futuro, en apli-

caciones como la interconexión de sistemas de potencia, sistemas de transmisión AC de baja

frecuencia (LFAC), sistemas de conversión de energı́a eólica (WECS) y como accionamiento

de motores de medio/alto voltaje para bombas, molinos, cintas transportadoras, tracción ma-

rina, entre otras aplicaciones.

Chile y Australia predicen que, para el 2050, los sistemas eólicos serán una de las princi-

pales fuentes de energı́a para industrias y personas. Adicionalmente, ambos paı́ses presentan

una actividad minera activa, aplicación que considera múltiples accionamientos para mo-

tores. Sin embargo, los futuros conversores AC-AC para las aplicaciones mencionadas an-

teriormente, como por ejemplo el conversor matricial modular multinivel (M3C), presentan

diversos desafı́os para su implementación, tales como alto acoplamiento de los estados inter-

nos, alta complejidad para el control y balance de varios capacitores flotantes, gran cantidad

de señales de control y oscilaciones en el voltaje de los capacitores a frecuencias crı́ticas,

desafı́os que complican su implementación en aplicaciones de alto voltaje que requieren un

gran número de sub-módulos.

Este proyecto de investigación apunta al desarrollo de estrategias de control predictivo

para controlar un M3C, que se componen de dos partes: un controlador interno encargado

del control de corrientes y del control de balance local del clúster, y un controlador externo

que logra el control de balance entre clústeres y mitiga las oscilaciones de baja frecuencia del

voltaje de los capacitores de los sub-módulos. Por un lado, se proponen dos estrategias como

controlador interno: una basada en control predictivo por modelo con desplazamiento de

xvi



fase secuencial y otra basada en control predictivo por modelo con conjunto de control finito

(FCS-MPC). Por otro lado, se proponen dos generadores de referencia como controlador

externo: el primero genera corrientes circulantes en función de la energı́a de los clústeres

en un espacio transformado, y el segundo considera corrientes circulantes y voltaje de modo

común para balancear la energı́a del M3C.

Finalmente, los resultados experimentales prueban la eficacia de la estrategia de control

diseñada para controlar un M3C, logrando alcanzar las referencias de corriente y energı́a.

Más aún, todas las propuestas son comparadas con estrategias de la literatura. En estado

estacionario, el error de seguimiento promedio de corrientes y voltajes es de 1.96% y 1.82%,

respectivamente, reduciendo el rizado del voltaje de los capacitores para baja frecuencia

en 31% y para frecuencias iguales en 36%. Durante transientes, por un lado, cambios en

escalón de potencia y frecuencia son seguidos instantáneamente. Por otro lado, cambios en

escalón en los controles de balance local y entre clústeres son seguidos en 80 y 200 ms,

respectivamente. Finalmente, la carga computacional de todas las propuestas incrementa

linealmente con el número de sub-módulos, con excepción de la estrategia basada en FCS-

MPC.

Palabras claves: Balance de energı́a, celdas de puente de tres estrellas (TSBC), control

predictivo por modelo (MPC), corrientes circulantes, conversión directa ac-ac, conversor

matricial modular multinivel (M3C), modulación por ancho de pulsos con desplazamiento

de fase (PS-PWM), voltaje de modo común.
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ABSTRACT

Currently, the world is changing the way it generates energy, moving from an electric

system based on low penetration of renewable energies, unidirectional power flow, and low

participation of power converters, to an electric system with high inclusion of renewable

energies, bidirectional power flow, and high use of power converters.

AC-to-AC converters will play a fundamental role in future systems, in applications such

as power system interconnection, low-frequency AC (LFAC) transmission systems, wind en-

ergy conversion systems (WECS), and medium/high voltage motor drives for pumps, mills,

conveyors, marine propulsion, among other applications.

Chile and Australia forecast that WECSs will be one of the main sources of energy for

industries and individuals by 2050. Additionally, both countries have active mining sectors

that require several motor drive applications. However, future AC-to-AC converters for the

aforementioned applications, such as the modular multilevel matrix converter (M3C), present

technical challenges for their implementation, including highly coupled internal states, com-

plex control and balancing of several floating capacitors, a large number of control signals,

and capacitor voltage oscillations at critical frequencies. These challenges complicate their

implementation in high-voltage applications that require a large number of sub-modules.

This research project aims to develop a predictive control strategy to govern the M3C,

which is composed of two parts: an inner controller in charge of the current control and

local-cluster balancing control, and an outer controller that achieves inter-cluster balancing

control and mitigates the low-frequency oscillations of the sub-module capacitor voltages.

On one hand, two strategies for the inner controller are proposed: one based on sequential

phase-shifted model-predictive control (sPS-MPC) and the other based on finite-control-set

MPC (FCS-MPC). On the other hand, two reference generators are proposed for the outer

controller: one generates circulating currents as a function of the cluster energies in a trans-

formed space, and the other considers circulating currents and common-mode voltage to

balance the M3C energy.

xviii



Finally, the experimental results prove the effectiveness of the designed control strate-

gies to govern an M3C, tracking current and energy references. Moreover, all the proposed

strategies are compared with those from the literature. In steady-state, the obtained average

tracking error for currents and voltages is 1.96% and 1.82%, respectively, reducing the ca-

pacitor voltage ripple for low frequencies by 31% and for equal frequencies by 36%. During

transients, power and frequency step change references are achieved instantaneously, while

step changes in local- and inter-cluster balancing control are achieved in 80 ms and 200 ms,

respectively. Finally, the computational burden of all the proposals increases linearly with

the number of sub-modules, with the exception of the one based on FCS-MPC.

Keywords: Circulating currents, common-mode voltage, direct ac-to-ac conversion, energy

balance, model predictive control, modular multilevel matrix converter (M3C), phase-shifted

pulse width modulation (PS-PWM), triple-star bridge cells (TSBC).
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CHAPTER 1. INTRODUCTION

The productive, social and scientific development are directly related with the energy,

which is the capability to do work. Along human history the use of energy has been a

keystone for its development, from human labor at the beginning into electrical machines

today. Since 18th century, with the invention of steam engine and the industrial revolution,

the energy has allowed to simplify processes and achieve new efficiencies in a wide range of

applications, not only in the industry but in the everyday life as well. Nowadays, the energy

is used in almost every activity, specifically electric energy (Sharma, 2010).

The world has met multiple times into the Conference of Parties (CoP) to face climate

change. During the last years, one of the common agreements has been to reduce the

emission of greenhouse gases (United Nations Framework Convention on Climate Change,

2019a; UK Government, 2022), where the energy industry produces 34% of the total emis-

sion in the world (United Nations Framework Convention on Climate Change, 2019b).

Greenhouse gases are mainly produced by fuel combustion and emissions derived from fuel.

In the energy sector, they correspond to fossil fuel generators, so the world is changing into

renewable energies. With this thought in mind, the energy matrix of the countries is in a

transformation process, from an electric system with unidirectional power flow, low partici-

pation of power converters and low penetration of renewable energies, to an electric system

with bidirectional power flow, high penetration of renewable energies and high participation

of power converters. Specific examples are Australia and Chile, which have been carrying

out an energy transition process and decarbonization of the energy matrix of the countries

(Ministerio de Energı́a, 2018; Department of Climate Change, Energy, the Environment and

Water, 2022), replacing oil, black coal and natural gas fuels with renewable energies (spe-

cially, wind and solar power) for a net zero emission by 2050 as presented in Fig. 1.1 and

1.2.
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Figure 1.1. Forecasted Capacity Chile 2022-2060 (Ministerio de Energı́a,
2021)

1.1. AC-AC applications

Most of the applications required by future systems will rely on power converters to

facilitate the conversion of electrical energy. These converters can be categorized into dif-

ferent types, including dc-dc converters, inverters (dc-ac converters), ac-ac converters, and

rectifiers (ac-dc converters).

Several noteworthy ac-ac applications are anticipated for future electric systems, such

as power systems interconnection, low-frequency ac (LFAC) transmission systems, wind

energy conversion systems (WECS), and motor drives for transportation or industrial activi-

ties, among others. Power systems interconnection enables the exchange of energy between

electrical systems, even when they operate at varying voltage levels or frequencies. This

enhances network reliability by compensating for weaknesses and capitalizing on strengths.

The transmission systems are undergoing significant advances to address the parasitic

effects associated with the length of transmission lines. One popular approach is to reduce
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Figure 1.2. Forecasted Capacity Australia 2023-2050 (Australian Energy
Market Operator, 2022)

the operating frequency of the transmission line since the parasitic effects are directly related

to the frequency. High Voltage DC (HVDC) and Low Frequency AC (LFAC) transmission

systems offer solutions to extend the transmission line distance by lowering the operating

frequency. However, LFAC systems can utilize the existing transmission line infrastructure

(three-phase system) unlike HVDC systems (DC system) which require separate infrastruc-

ture for optimal operation at nominal power.

In Chile and Australia (refer to Fig. 1.1 and 1.2), solar and wind power are anticipated

to become the primary sources of energy for industries and general population. Wind power

harnesses the kinetic energy of moving air masses through propellers, converting it into

three-phase electric energy that needs to be injected into a three-phase network. Moreover,

studies have been done to check the feasibility to connect the Chilean (50 Hz) and Peruvian
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(60 Hz) power systems, which consider to use power converters to achieve this interconnec-

tion (AF-Mercados EMI, 2019).

Furthermore, one longstanding and widely used application of ac-ac converters is in mo-

tor drives. Industries that rely on high voltage or high power motors often connect them

directly to the three-phase grid. Examples include marine propulsion, mills, pumps, convey-

ors, and various other applications.

The future systems and applications already mentioned require the proper hardware to

make them possible. The power converters are key for all these high voltage and high power

applications, and within them, the modular multilevel cascaded converters are considered

one of the most attractive technologies for the next generation of control and conversion of

electrical power, mainly due to their modularity, lower voltage requirements for semicon-

ductors, voltage and power scalability, reduced dv/dt, and fault tolerance.

1.2. Challenges

The future grids present several technical challenges for their performance along the

world, which affect the efficiency, reliability, flexibility and performance of power converters

in these applications and with it, the robustness of the power system.

Variable Frequency Applications

AC-to-AC applications usually require operation at different frequencies, so the power

converters must dynamically change their frequency operating points. In terms of renew-

able energies, WECSs generate energy as a function of the mass of air passing through

propellers, mass of air depends on the weather and varies every day and every hour, making

this power source a variable frequency application. Therefore, WECSs are an intermittent

energy source that requires a power converter along with a control strategy capable to handle

variable frequencies. As a common industry application, motor drive systems govern high-

power and low-frequency motors that must be directly connected to the three-phase system

such as medium/high voltage motor drives for marine propulsion, mills, pumps, conveyors
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and crushing process in mining activity. These applications require to operate at very low

and variable frequencies.

Bidirectional Power Flow

Future grids will present a high participation of power converters, bidirectional power

flows and high participation of renewable energies. Generation at distribution level and the

use of battery energy storage systems (BESS) are changing how the energy has been trans-

mitted, transforming what was considered a load only into something that can act as either

a load or a generator, depending on the time and application. Microgrids are good exam-

ples of bidirectional power flow. During day, photovoltaic systems and WECSs can generate

more power than is needed in the microgrid, so the excess is injected to the main grid. How-

ever, during night, photovoltaic systems cannot generate power, so the missing energy that

WECSs are not able to provide must be supplied by the main grid. Therefore, the future

grid requires power converters with bidirectional capabilities. Additionally, the reduction

of conventional energy sources introduces a new challenge to the system stability. The re-

duction of conventional energies has decreased the inertia of the power system, reducing its

reliability under fault conditions. Hence, the power converters must have capabilities to act

fast in order to provide ancillary services in emergency situations.

Parasitic Effects in Transmission Lines

Current High Voltage AC (HVAC) transmission lines are typically limited due to the

parasitic effects that occur as a function of the frequency which is 50 or 60 Hz. These

effects generate a parasitic capacitance that requires reactive power. Therefore, by increasing

the length of the line, the parasitic capacitance increases, requiring more reactive power

and limiting the maximum active power the line can transmit. Additionally, the skin effect

increases the resistance of the line as a function of the frequency as well. So, new methods

power transmission are required for futures grid.

Currently, HVDC transmissions systems are considered as an alternative to standard

HVAC systems, significantly increasing the length of transmission lines. Nonetheless, due
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to the absence of the zero-crossing points in HVDC systems, it is difficult to disconnect a

faulty line.

To overcome HVAC and HVDC systems, the LFAC transmission systems have been

proposed. These systems propose reducing the line frequency by including AC-to-AC power

converters at the end of the line. Therefore, the parasitic effects are reduced and the zero-

crossing points to disconnect the line is presented for emergency situations.

Complex Control for Future Power Converters

The required power converters for the future power system need to accomplish all the

previous mentioned features. For instance, AC-to-AC transformation, bidirectional power

flow, high voltage, high power and low-frequency operation. However, these power convert-

ers present several challenges such as complex control due to non-linear dynamic and several

coupled internal states. Additionally, these converters have multiple control objectives, more

control objectives than degrees of freedom, floating capacitors that must be regulated and a

large number of control signals, requiring multivariable control schemes which are normally

accomplished by using various control loops, some coupled to each other and others uncou-

pled, making them a challenge to design and implement.
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M2C-B2B M3C Hexverter

Figure 1.3. Modular multilevel cascaded converters for ac-ac conversion

1.3. State of the Art

This section presents the main publications in the literature regarding modular multi-

level converters for ac-ac applications, controllers used for the different control objectives

required by the modular multilevel matrix converter, and optimal control strategies for mod-

ular multilevel converters.

1.3.1. Modular Multilevel Cascaded Converters

Modular multilevel cascaded converters (MMCCs) are considered one of the most at-

tractive technologies for the next generation of control and conversion of electrical power,

mainly due to their modularity, lower voltage requirements for semiconductors, voltage and

power scalability, reduced dv/dt, and fault tolerance. In terms of ac-ac conversion, the main

examples of MMCCs are the Modular Multilevel Matrix Converter (M3C), the Modular

Multilevel Back-to-Back Converter (M2C-B2B), and the Hexverter (see Fig. 1.3) for appli-

cations such as power system interconnections (50-60 Hz), low frequency ac transmission

systems (LFAC), wind energy conversion systems (WECS) and medium/high voltage mo-

tor drives for marine propulsion, mills, pumps, conveyors, among other applications (Diaz,

Cárdenas, et al., 2020).
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Among them, the M3Cs, also known as triple-star bridge cells (TSBC), are promising for

direct ac-ac power conversion because they do not require a high voltage dc-link (Diaz et al.,

2017; Kawamura et al., 2014), and need less sub-modules in comparison with the B2B-M2C

(Bravo et al., 2022). Additionally, the M3C reactive power between input and output three-

phase systems is decoupled, unlike the Hexverter (Pereda & Green, 2016). For these rea-

sons, M3C is considered as an alternative to meet all the requirements of the aforementioned

applications. Hence, the M3C excels over the B2B-M2C in LFAC transmission systems,

WECS and low-speed motor drives, showing a better performance at low-frequency opera-

tion (Korn et al., 2011). A brief comparison of these three converters have been included in

the Table 1.1.
Table 1.1. Comparison summary of modular multilevel cascaded converters
for ac-ac applications.

M2C-B2B M3C Hexverter

Sub-module Half bridge Full bridge Full bridge

Clusters 12 9 6

Reactive power
Decoupled Decoupled CoupledInput-Output

Direct Current
Required No required No requiredStage

Therefore, because of its advantages in comparison with M3C and Hexverter as an ac-ac

power converter, the modular multilevel matrix converter or M3C is the converter chosen to

be used in this research.

However, the M3C presents several challenges such as highly coupled internal states,

complex control and balance of several floating capacitors, a big number of control signals,

and capacitor voltage oscillations at low and similar frequencies, which complicates its im-

plementation in high voltage applications that require a large number of sub-modules. (Diaz

et al., 2019; Kawamura et al., 2015).
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Figure 1.4. General control scheme for the modular multilevel matrix con-
verter

1.3.2. M3C Control Objectives

The M3C has multiple coupled control objectives, which make it a complex system from

a control point of view. The general control scheme of an M3C is presented in Fig. 1.4, which

is divided into three stages: outer controllers, inner controllers, and modulation. The outer

controllers generate current references for the inner controllers. Then, the inner controllers

generate duty cycles, which are adjusted to balance the energy among sub-modules (SMs)

before being synthesized by the modulator and applied to the M3C.

In order to govern the M3C and tackle the previously mentioned problems, several con-

trol strategies have been proposed. A standard control strategy for M3Cs consists of using a

multiple loop of proportional-integral (PI) controllers working in multiple transformed refer-

ences to achieve decoupling (Diaz et al., 2017, 2019; Kawamura et al., 2014; Ma et al., 2020).
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However, the use of multiple single-input-single-output (SISO) controllers for a highly cou-

pled system, which has more variables than degrees of freedom, reduces the robustness of

the control in comparison with a multiple-inputs-multiple-outputs (MIMO) controller (Lim

et al., 2014). Additionally, linear controllers are tuned only for one operation point, present

slower dynamic response and overshoot due to the integration action of PI controllers.

The finite-control-set model-predictive-control (FCS-MPC) has been proposed in the lit-

erature to solve the aforementioned SISO control limitations (Mora et al., 2015; Dekka et al.,

2019). However, the FCS-MPC introduces other disadvantages such as a spread frequency

spectrum, mainly concentrated at low frequencies, due to the lack of a modulation stage,

and requires a high computational effort which increases exponentially with the number of

sub-modules, limiting the implementation of FCS-MPC to M3Cs with a reduced number of

sub-modules. To account for these drawbacks, a sequential phase-shifted model-predictive-

control (PS-MPC) has been proposed for multilevel converters to improve the frequency

spectrum and reduce the computational burden of the MPC. The PS-MPC exploits the se-

quential working principle of a phase-shifted pulse-width-modulation (PS-PWM), which al-

lows the MPC to only optimize the duty-cycle of the switch that is going to be updated next.

The PS-MPC was initially implemented in a single-phase flying capacitor converter (Aguil-

era et al., 2017), and then proposed to govern a CHB converter with independent power

sub-modules (Cuzmar et al., 2020), and an M2C in order to include multiple control objec-

tives (ac current, circulating currents and capacitor voltages balance) (Poblete et al., 2021).

Nevertheless, in (Aguilera et al., 2017; Cuzmar et al., 2020; Poblete et al., 2021), the opti-

mal unconstrained solution of the control inputs are saturated and might not be the optimal

during transients.

Finally, it is important to highlight that the PS-MPC has not been proposed for the M3C

before. This thesis presents the first PS-MPC implemented for an M3C, which is not a trivial

implementation due to the model of an M3C has to be derived as a function of the PS-PWM.
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1.3.2.1. M3C current control

The M3C presents multiple currents to be considered and from the application point of

view, only the input and output currents are relevant. However, the circulating currents have

a key role in the capacitor voltage balance among clusters. Hence, from the control point

of view, the input, output and circulating currents must be governed (Diaz, Cardenas, et al.,

2020).

Input and Output Current Control

The input and output current control is part of the inner control loop of the M3C, so the

settling time must be at least ten times faster than the outer control loop.

Regarding the controllers for the input and output currents of the three-phase systems,

any standard controller used to govern the three-phase currents can be implemented for this

block. For instance, the most used controllers for input and out currents for the M3C are

Proportional Integral (PI) (Kawamura et al., 2014) and Proportional Resonant (PR) (Yao et

al., 2019).

Circulating Current Control

The circulating currents are used to balance the energy among clusters. These currents

present several frequency components. The most common controllers utilized are Propor-

tional (P) (Diaz et al., 2019), PI (Liu et al., 2018) and PR (Duran et al., 2020). Nonetheless,

the circulating current reference present several frequencies and every frequency requires a

P/PI/PR controller. Moreover, multiple transformation stages must be applied in order to

separate each frequency component (Diaz, Cardenas, et al., 2020). In the last years, an MPC

strategy has been proposed for circulating currents to overcome this disadvantage (Urrutia et

al., 2021).
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1.3.2.2. Cluster Capacitor Voltage Control

The energy among sub-modules must be balanced to properly operate the M3C. This

balancing control is divided in three, the total energy balancing (TEB) control, the inter-

cluster balancing (ICB) control and the local-cluster balancing (LCB) control of the M3C

(Diaz, Cardenas, et al., 2020). Additionally, it is usually included a low-frequency oscillation

(LFO) mitigation to operate the converter at low and similar frequencies.

Total Energy Balancing Control

The total energy balancing or TEB control regulates the total stored energy in the M3C.

The energy of the M3C is directly related to the capacitor voltage of each sub-module. TEB

control generates an active power reference of input or output power. In the literature, the PI

is the controller used for TEB control (Kawamura et al., 2017; Diaz, Cardenas, et al., 2020;

Liu et al., 2020; Urrutia et al., 2021).

Inter-Cluster Balancing Control

The energy among clusters must be regulated to avoid imbalances in the three-phase

system currents. Therefore, the inter-cluster balancing or ICB control distributes the power

of the M3C among all its clusters, determining the imposition of internal command signals

for the circulating currents and/or common-mode voltage (CMV), without affecting the AC

ports. However, the ICB should generate minimal circulating currents and CMV to increase

the efficiency and power density of the converter. Additionally, both CMV and circulating

currents demand additional voltage from the cluster, which must be into account so as not

saturate it.

In the literature, the controllers that have been used to generate circulating current refer-

ences are linear controllers such as PI (Diaz et al., 2019), optimal strategies for re-allocations

(Fan et al., 2018a) and even fixed waveforms have utilized (Kawamura et al., 2014).
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Low-Frequency Oscillation Mitigation

The low-frequency oscillation or LFO mitigation compensates large oscillations in sub-

module capacitor voltages by injecting CMV and circulating currents with high harmonic

components. It is required only at the critical points of operation, when the M3C operates at

a very low frequency, but most acute when these frequencies approach or equal (Diaz et al.,

2019).

Local-Cluster Balancing Control

The local-cluster balancing or LCB control locally regulates the capacitor voltage of

each SM in their respective cluster. It is usually implemented at the modulation stage with

P controllers (Kawamura et al., 2015), where a P controller is needed per SM, or sorting

strategies to extract more energy from the SMs which have more stored energy (Ma et al.,

2020).

1.3.3. Optimal Control Strategies

In the literature, the optimal controllers applied to power converter are linear-quadratic-

regulator (LQR) and model-predictive-control (MPC) (Wan et al., 2013; Vazquez et al.,

2017). Both consider a system model and a cost function. Nonetheless, the main difference

is that the MPC strategies are able to include restrictions in the optimal problem. Addition-

ally, the MPC control can be used for nonlinear systems, unlike LQR control, which can

only be applied to linear systems.

Regarding M3Cs, the optimal control strategies applied to M3C are finite-control-set

MPC (FCS-MPC) (Mora et al., 2015) and continuous-control-set MPC (CCS-MPC) (Urrutia

et al., 2021). On one hand, the FCS-MPC has only been applied in a simulation environment

for a conference in order to govern input, output and circulating currents, and balance the

floating capacitor voltages, so the effectiveness of this strategy has not been proved in a real-

time application. On the other hand, the CCS-MPC proposed in (Urrutia et al., 2021) has

been implemented to govern circulating currents only.
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In the last years, a new predictive strategy has been proposed for multilevel converters,

the sequential phase-shifted MPC (sPS-MPC) (Aguilera et al., 2017; Cuzmar et al., 2020;

Poblete et al., 2021). The sPS-MPC belongs to the CCS-MPC and has demonstrated to be

an alternative for multilevel converters due to its reduced computational burden, scalability

and good performance in comparison with other predictive strategies. Nevertheless, the sPS-

MPC has never been proposed for M3Cs before.



15

1.4. Proposal

The contribution of this research is focused on the formulation of a predictive control

strategy for the modular multilevel matrix converter, composed by a inner control strategy

and a outer control strategy which are independent.

1.4.1. Hypotheses

H1: A control strategy based on predictive control allows to govern currents and bal-

ance capacitor voltages of an M3C over a wide frequency range, a fixed spectra

and a high scalability.

H2: An optimal reference generator for circulating currents and/or common-mode volt-

age improves the steady-state performance of the M3C, specifically the capacitor

voltage oscillations and/or maximum cluster currents, and operates over a wide

frequency range.

Both hypothesis are going to be compared with a control strategy and a reference gener-

ator based on linear controllers utilized in the state of the art.

1.4.2. Objectives

In order to prove or refute the proposed hypothesis, the general objective is the devel-

opment of an optimal control strategy for M3C, which includes an optimal internal control

based on predictive control and an optimal reference generator, for operating M3C over a

wide frequency range for input and output three-phase systems.

The specific objective can be expressed as:

(i) To analyze the dynamic model of currents and voltages of the M3C.

(ii) To design an internal control strategy based on predictive control strategy.

(iii) To evaluate the performance through simulations of the proposed inner control

strategy.

(iv) To design an optimal reference generator for inner control.
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(v) To evaluate the performance through simulations of the proposed control strategy,

including the optimal reference generator and the inner control based on optimal

control strategy.

(vi) To evaluate the performance in a prototype of the proposed control strategies.

1.4.3. Methodology

In order to prove or refute the hypothesis, the following steps are followed to successfully

accomplish the different objectives:

(i) Theoretical analysis and control strategy design:

First, the necessary conditions for the M3C operation are theoretically analyzed.

Based on the theoretical analysis, suitable control strategies are proposed for the

proper operation of the converter.

(ii) Control strategy evaluation through simulation:

After designing possible control strategies based on the analyzed models, they are

tested in simulation using specific software such as PLECS or Matlab/Simulink. In

this way, the proposed control strategies can be validated under different operating

conditions such as steady-state and dynamic response under sudden changes.

(iii) Design and implementation of the strategy in laboratory prototypes:

Next, based on the results and tests from the simulations, an experimental proto-

type is designed and constructed to validate the proposed control strategy in real-

time. This involves component sizing, electronic board design, and programming

of the control platform.

(iv) Analysis of obtained experimental results:

This stage involves conducting tests under different operating conditions in real-

time using the laboratory prototype. The objective is to validate and compare the

previously performed simulation tests.

(v) Dissemination and publication of results and conclusions:
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Finally, the development of this project includes the periodic publication of the

obtained results to contribute to the state-of-the-art in the field of ac-ac converters,

specifically control strategies for the M3C.

The mentioned steps of the methodology are applied to the optimal inner control and

the optimal reference generator. Finally, the effectiveness of the proposals are analyzed by

considering the following points:

• Steady-state performance.

• Steady-state error.

• Voltage and current ripple.

• Compliance of constraints.

• Dynamic performance.

• Output frequency performance.

• Three-phase system currents.

• Three-phase system powers.

• Total harmonic distortion of converter output current.

• Weighted total harmonic distortion of converter output current.

• Total harmonic distortion of converter output voltage.

• Weighted total harmonic distortion of converter output voltage.

• Floating point per second required by the strategy.

1.5. Summary of Contributions

1.5.1. Novel Contribution

In this section, a list of the main contributions to the literature of this research are pre-

sented.

(i) An inner controller that controls the currents and regulates the capacitor voltages

of an M3C based on FCS-MPC (see Chapter 2). This proposal unifies the control

structure of cluster currents and local cell balancing controls; reduces the aver-

age cell switching frequency; tracks any current waveform; considers the coupling

among cluster current and capacitor voltages; and is feasible for an experimental
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implementation. Moreover, this proposal has been tested up to prediction horizon

four, comparing its performance as a function of the different horizons. Experi-

mental results have been performed in a 36-sub-module M3C prototype to prove

the previously mentioned benefits.

(ii) An inner controller that controls the currents and regulates the capacitor voltages

of an M3C based on PS-MPC (see Chapter 3). This proposal unifies the control

structure of input, output and circulating currents and local cell balancing con-

trols; reduces the computational burden; increases the scalability; and presents a

fast closed-loop dynamic response with low distortion. The proposed predictive

strategy is validated in a prototype with 36 sub-modules proving the previously

mentioned advantages.

(iii) An outer controller that generates circulating current references to balance the en-

ergy among cluster of an M3C (see Chapter 4). This proposal obtains the optimal

circulating current component per cluster considering the feasible current limits

of each cluster as constraints in the optimal problem, so the safe operation of the

M3C does not depend on the inner controller tuning since the bound constraints

are already included in the optimal problem. Experimental results are provided to

verify its performance and effectiveness of the proposed constrained ICB control

for the M3C.

(iv) An outer controller that generates not only circulating current references but CMV

reference to balance the energy among cluster of an M3C (see Chapter 5). This

proposal achieves the inter-cluster balancing control by optimizing the circulating

current component per cluster and then the common-mode voltage of the converter

iteratively. The inclusion of common-mode voltage allows to mitigate capacitor

voltage oscillations in critical points, such as low frequency operation and equal
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frequencies. Additionally, the cluster energies are derived in the original frame-

work, which highly simplifies the tuning of the weighting factors in comparison

with literature. Moreover, constraints are considered in the optimal control prob-

lem to ensure that the generated circulating currents do not impact input and output

currents. Experimental results are presented to validate the the contributions of the

ICB control based on circulating current and CMV for an M3C.

1.5.2. Publications

1.5.2.1. Publications: Journal Articles Accepted

(i) R. H. Cuzmar, A. Mora, J. Pereda, and R. P. Aguilera, “An Improved Reference

Generator Based on MPC of Circulating Currents and Common-Mode Voltage for

Modular Multilevel Matrix Converters,” in IEEE Transactions on Industrial Elec-

tronics. Q1 Journal. Impact Factor of 8.41.

(ii) R. H. Cuzmar, A. Mora, J. Pereda, R. P. Aguilera, P. Poblete and S. Neira, ”Com-

putationally Efficient MPC for Modular Multilevel Matrix Converters Operating

With Fixed Switching Frequency,” in IEEE Open Journal of the Industrial Elec-

tronics Society, vol. 4, pp. 748-761, 2023, doi: 10.1109/OJIES.2023.3347101. Q1

Journal. Impact Factor of 6.75.

(iii) R. Cuzmar, A. Montenegro, A. Mora, J. Pereda and R. P. Aguilera, “Constrained

MPC for Intercluster Energy Control of Modular Multilevel Matrix Converters,” in

IEEE Transactions on Industrial Electronics, vol. 71, no. 7, pp. 7766-7776, July

2024, doi: 10.1109/TIE.2023.3303641. Q1 Journal. Impact Factor of 8.41.

(iv) R. H. Cuzmar, A. Mora, J. Pereda, P. Poblete and R. P. Aguilera, “Long-Horizon

Sequential FCS-MPC Approaches for Modular Multilevel Matrix Converters,” in

IEEE Transactions on Industrial Electronics, vol. 71, no. 5, pp. 5137-5147, May

2024, doi: 10.1109/TIE.2023.3286013. Q1 Journal. Impact Factor of 8.41.
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(v) R. H. Cuzmar, J. Pereda and R. P. Aguilera, “Phase-Shifted Model Predictive

Control to Achieve Power Balance of CHB Converters for Large-Scale Photo-

voltaic Integration,” in IEEE Transactions on Industrial Electronics, vol. 68, no.

10, pp. 9619-9629, Oct. 2021, doi: 10.1109/TIE.2020.3026299. Q1 Journal.

Impact Factor of 8.41.

1.5.2.2. Publications: Conference Articles Accepted

• R. H. Cuzmar, P. Poblete, R. P. Aguilera, J. Pereda and D. D. -C. Lu, “Power Bal-

ance of a Delta-Connected CHB Converter with MPC for Photovoltaic Systems,”

2023 IEEE International Future Energy Electronics Conference (IFEEC), Sydney,

Australia, 2023, pp. 305-310, doi: 10.1109/IFEEC58486.2023.10458456.

1.5.2.3. Publications: Collaborations

• P. Poblete, J. Gajardo, R. H. Cuzmar, R. P. Aguilera, J. Pereda, D. Lu and A.

M. Marquez “Predictive Optimal Variable-Angle PS-PWM Strategy for Cascaded

H-Bridge Converters,” in IEEE Transactions on Industrial Electronics,

doi: 10.1109/TIE.2024.3370998. Q1 Journal. Impact Factor of 8.41.

• P. Poblete, S. Neira, R. Cuzmar, R. P. Aguilera, A. Mora and J. Pereda, “Closed-

Loop Performance Improvement for MMCs Based on Optimal Reference Gover-

nor,” 2021 IEEE 12th Energy Conversion Congress & Exposition - Asia (ECCE-

Asia), Singapore, Singapore, 2021, pp. 2292-2297,

doi: 10.1109/ECCE-Asia49820.2021.9479378.

• S. Neira, P. Poblete, R. Cuzmar, J. Pereda and R. P. Aguilera, “Sequential Phase-

Shifted Model Predictive Control for a Multilevel Converter with Integrated Bat-

tery Energy Storage,” 2020 IEEE 11th International Symposium on Power Elec-

tronics for Distributed Generation Systems (PEDG), Dubrovnik, Croatia, 2020,

pp. 29-34, doi: 10.1109/PEDG48541.2020.9244410.
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Table 1.2. Structure and relation of this thesis.

Chapter Journal Description Hypothesis Contribution

1 2 1 2 3 4

2 TIE 2024 Long horizon FCS-MPC
3 OJIES 2023 Sequential PS-MPC
4 TIE 2024 Constrained CC generator
5 TIE CC and CMV generator

1.6. Thesis structure

The body of this thesis is comprised by 6 chapters. Chapter 1, the present chapter,

presents the the contributions, main and specific objectives of this research. Additionally,

includes the state of the art in terms of modular multilevel cascaded converters for AC-to-

AC conversion and the advantages of the modular multilevel matrix converter in comparison

with the others. Moreover, in this chapter, the controllers require to govern the M3C and

used in the literature are mentioned. The following chapters and the relation with the journal

articles are summarized in Table 1.2.

Chapter 2 presents an inner controller for the M3C, the proposed inner controller is

based on a long-horizon finite-control-set model-predictive-control and compares it with two

predictive strategies from the literature. The proposal is validated by using a prototype with

36 sub-modules.

This chapter resulted in the following publication:

• R. H. Cuzmar, A. Mora, J. Pereda, P. Poblete and R. P. Aguilera, “Long-Horizon

Sequential FCS-MPC Approaches for Modular Multilevel Matrix Converters,” in

IEEE Transactions on Industrial Electronics, vol. 71, no. 5, pp. 5137-5147, May

2024, doi: 10.1109/TIE.2023.3286013.

Chapter 3 describes an inner controller for the M3C, the proposed strategy is based on

phase shifted model predictive control strategy and two existing control strategies, presented
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in previous works to be used as benchmark. This predictive strategy considers the coupling

among states and decouples the cluster currents in input, output and circulating currents

in the αβ0−framework. In addition, the references for the proposal are derived. Finally,

experimental results are presented to show the effectiveness of the proposed strategy.

This chapter resulted in the following publication:

• R. H. Cuzmar, A. Mora, J. Pereda, R. P. Aguilera, P. Poblete and S. Neira, “Com-

putationally Efficient MPC for Modular Multilevel Matrix Converters Operating

With Fixed Switching Frequency,” in IEEE Open Journal of the Industrial Elec-

tronics Society, vol. 4, pp. 748-761, 2023, doi: 10.1109/OJIES.2023.3347101.

Chapter 4 shows the proposed outer control strategy for the M3C, a constrained circu-

lating current generator to balanced the energy among clusters of the M3C. Experimental

results have been performed to prove the effectiveness of the proposal.

This chapter resulted in the following publication:

• R. Cuzmar, A. Montenegro, A. Mora, J. Pereda and R. P. Aguilera, “Constrained

MPC for Intercluster Energy Control of Modular Multilevel Matrix Converters,” in

IEEE Transactions on Industrial Electronics, vol. 71, no. 7, pp. 7766-7776, July

2024, doi: 10.1109/TIE.2023.3303641.

Chapter 5 presents an improved version of the previous generator. In this case, the inter-

cluster balancing control considers not only circulating currents but common-mode voltage

as well. The common-mode voltage generator allows to operate the M3C at low and equal

frequencies, which are critical points for this converter. This reference generator has been

tested in an M3C prototype with 36 SMs to prove its features.

This chapter resulted in the following publication:

• R. Cuzmar, A. Mora, J. Pereda and R. P. Aguilera, “An Improved Reference

Generator Based on MPC of Circulating Currents and Common-Mode Voltage for
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Modular Multilevel Matrix Converters,” in IEEE Transactions on Industrial Elec-

tronics.

Chapter 6 presents the conclusions of this research and future work.
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CHAPTER 2. LONG-HORIZON SEQUENTIAL FCS-MPC APPROACHES FOR

MODULAR MULTILEVEL MATRIX CONVERTERS

2.1. Introduction

The modular multilevel cascaded converters (MMCCs) are an attractive technology for

medium voltage and high power applications due to its high modularity, performance and

capability to work directly at medium and high voltages (Perez et al., 2021; Perez et al.,

2015; Briz et al., 2016; Diaz et al., 2017; Kawamura et al., 2014). The main exponents of

MMCCs are the cascaded H-bridge (CHB), the modular multilevel converter (M2C), and the

modular multilevel matrix converter (M3C).

The back-to-back M2C (B2B-MMC) and the M3C are the MMCC choices for ac-ac ap-

plications such as power system interconnections (50-60 Hz), low frequency ac transmission

systems (LFAC), wind energy conversion systems (WECS) and medium/high voltage motor

drives for marine propulsion, mills, pumps, conveyors, among other applications.

The M3Cs, also known as triple-star bridge cells (TSBC), are promising for direct ac-

ac power conversion because they do not require a high voltage dc-link (Diaz et al., 2017;

Kawamura et al., 2014), and needs less cells in comparison with the M2C-B2B. Addition-

ally, the M3Cs excels over B2B-M2Cs in LFAC transmission systems, WECS and low speed

motor drives, showing a better performance at low frequency operation (Korn et al., 2011)

due to capacitor oscillations are lower at low frequencies (Diaz, Cárdenas, et al., 2020).

However, the M3C presents several challenges such as highly coupled internal states, com-

plex control and balance of several floating capacitors, a big number of control signals, and

capacitor voltage oscillations at specific frequencies. Therefore, its implementation can be

challenging in high voltage application that requires a large number of cells. (Diaz et al.,

2019; Kawamura et al., 2015; Mora et al., 2019).

Several control strategies have been proposed to tackle these problems and govern the

M3C. A standard way to control an M3C is by designing and implementing multiple control

loops based on proportional-integral (PI) controllers working in multiple transformed refer-

ence frames to decouple each state (Diaz et al., 2017, 2019; Kawamura et al., 2014; Ma et
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al., 2020). However, the use of multiple single-input-single-output (SISO) controllers for

a highly coupled system, which has more variables than degrees of freedom, reduces the

robustness of the control in comparison with a multiple-inputs-multiple-outputs (MIMO)

controller (Lim et al., 2014). Additionally, linear controllers are tuned for a specific operat-

ing condition, degrading the closed-loop performance when the converter operates far from

the desired point.

Alternatively, finite-control-set model-predictive-control (FCS-MPC) has been proposed

in the literature to solve the aforementioned SISO control limitations (Mora et al., 2015;

Dekka et al., 2019). However, since the FCS-MPC does not consider a modulation stage, it

forces the converter to operate with a spread voltage frequency spectra, which is mainly con-

centrated at low frequencies with a high average cell switching frequency. In term of imple-

mentation, the main limitation of this control strategy is its computational effort requirement,

which increases exponentially with the number of cells. Consequently, the implementation

of standard FCS-MPC strategies is limited to converters with a reduced number of cells. That

is why FCS-MPC has only been tested in simulation for the M3C.

This work proposes a long-horizon sequential FCS-MPC to govern the M3C without

decoupling the dynamics of its internal states. The proposed controller provides a simpli-

fied control structure and provides a fast transient response at multiple frequencies, unlike

standard SISO strategies that require a controller per frequency. Moreover, by considering

the common-mode voltage as a known disturbance, the proposed strategy governs indepen-

dently each cluster, reducing the total possible combinations and significantly reducing the

required computational effort. The main contributions of this work are the following: i) fast

closed-loop transient response comparable with standard FCS-MPC strategies; ii) reduced

average cell switching frequency; iii) tracking of any current waveform; iv) consideration

of the coupling among current and capacitor voltages; v) unified control structure; and vi)

scalability and feasibility of experimental implementation.

Experimental results are provided to verify the performance and the effectiveness of

the proposal, showing a fast dynamic response, a low harmonic distortion, and a suitable

computational burden. The functionality of the proposed control was verified in steady state,



26

iu

iv

iw

{  ,  ,  }u vw ia ib ic

(a)
{  ,  ,  }a b c

n

o

i

v
SM

SM

Cluster

rL,
Branch

(b)

vC, j
v j

(c)

SM

M3C

Figure 2.1. The M3C topology: (a) circuit diagram; (b) N -cell cluster; and
(c) full-bridge-based sub-module.

under a sudden power step and under different operating frequencies, obtaining adequate

results that make it attractive for applications such as low frequency ac transmission systems

(LFAC), wind energy conversion systems (WECS), and variable speed drives.

2.2. Modular Multilevel Matrix Converter Model

The M3C topology is composed by nine stacks or clusters to interconnect the uvw− and

the abc− three-phase ac-ports (Fig. 2.1). Each cluster is formed by connecting several H-

bridges cells or sub-modules (SMs) in cascade manner along with a series cluster inductor.

Additionally, each cell has a floating capacitor in its dc-link.

To properly operate an M3C, it is required to control: the currents of both ac-ports;

the four circulating currents; and the capacitor voltages of each cell. The regulation of the

capacitor voltages considers three energy balancing strategies: i) the inner energy of the

M3C; ii) the energy balance among clusters; and iii) the intra-cluster energy balance.

The latter is called local cell balancing (LCB) control and the other two are part of the

cluster capacitor voltage (CCV) control (Diaz, Cardenas, et al., 2020; Diaz et al., 2019).
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2.2.1. Continuous-Time Model

Considering an M3C connected between two three-phase ports as represented in Fig. 2.1,

the continuous-time dynamic model of each converter cluster current, iΨχ(t), can be ex-

pressed via:

L
d

dt
iΨχ(t) = vΨ(t)− vΨχ(t)− riΨχ(t)− vχ(t)− vn0(t) (2.1)

where Ψ ∈ {u, v, w} and χ ∈ {a, b, c}. Here, L and r are the inductance and the resistance

of the cluster filter, respectively. Additionally, the terms vΨ(t) and vχ(t) stand for the uvw−

and the output-port voltage in each phase, respectively; vΨχ(t) represents the output voltage

per cluster; and vn0(t) denotes the common-mode voltage. The cluster output voltage in a

given arm is formed by the sum of the individual cell voltages over the set N = {1, . . . , N},

i.e.:

vΨχ(t) =
∑
j∈N

vΨχj(t) (2.2)

where each cell output voltage is given by:

vΨχj(t) = vC,Ψχj(t)uΨχj(t) (2.3)

where uΨχj(t) ∈ {−1, 0, 1} is the switching state of the j-th cell in the Ψχ−cluster . More-

over, the dynamic model of each capacitor voltage, vC,Ψχj(t), is given by:

d

dt
vC,Ψχj(t) =

1

C
iΨχ(t)uΨχj(t) (2.4)

For the sake of simplicity, we define κ ∈ {Ψ, χ} to refer the κ-cluster hereinafter. Thus,

by introducing the switching state vector as the system input:

uκ =
[
uκ1 · · · uκN

]T
∈ {−1, 0, 1}N , (2.5)

the continuous-time dynamic model of the κ-cluster shown in Fig. 2.1(b) is given by:

d

dt
iκ = − r

L
iκ −

1

L
vT
Cκuκ +

1

L
vgκ (2.6a)

d

dt
vCκ =

1

C
iκuκ (2.6b)
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where vCκ =
[
vCκ1 . . . vCκN

]T, and vgκ = vΨ − vχ − vno.

It is important to highlight that in (2.6), the switching state vector uκ is multiplying

both the branch current iκ and the floating capacitor voltages vCκ, establishing a bilineal

model for every cluster. Moreover, usually for M3Cs, a higher level control determines the

common-mode voltage (CMV) to be injected to balance the cluster capacitor voltages and

mitigate low-frequency oscillations (Diaz, Cardenas, et al., 2020). Therefore, the CMV vno

can be modelled as a known variable in (2.6a).

2.2.2. Discrete-Time Cluster Model

This work formulates a FCS-MPC strategy to control the current and the capacitor volt-

ages of each cluster independently. Therefore, the system state, at each sampling instant k,

is chosen as:

xκ(k) =
[
iκ(k) vT

Cκ(k)
]T

∈ R1+N (2.7)

Discretization methods for bilinear systems, as per (2.6), are imperfect and usually re-

quire a higher computational burden than those for linear systems. However, when the sam-

pling frequency is high enough, different discretization methods do not highly differ in their

performance (Romero-Becerril & Alvarez-Icaza, 2011). Therefore, this work applies the

Forward Euler discretization method with a sampling period Ts to (2.6), obtaining the fol-

lowing discrete-time model:

xκ(k + 1) = Axκ(k) +Bκ(k)uκ(k) + gκ(k) (2.8)

where

A =

1− Ts
r
L

01×N

0N×1 1N×N


Bκ(k) =

 −Ts
L

vT
Cκ(k)

Ts
C
iκ(k)IN×N

 ; gκ(k) =

Ts
L
vgκ(k)

0N×1

 .

(2.9)
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2.3. FCS-MPC of M3Cs

This section formulates the proposed long-horizon sFCS-MPC to govern each cluster

independently. The formulation allows the controller to regulate the cell capacitor voltages

and the cluster current in a unified and straightforward manner. Thus, the control targets per

cluster are given by the cluster current and cell capacitor voltages, so the state references are

given by

x⋆κ(k) =
[
i⋆κ(k) v⋆Cκ

T(k)
]T

. (2.10)

2.3.1. Standard FCS-MPC

In order to track this multi-variable objective the standard quadratic cost function is con-

sidered

Jκ(k) =
∥∥eκx(k + 1)

∥∥2

Q
+ λ e2κu(k) (2.11)

where

eκx(k + 1) = xκ(k + 1)− x⋆κ(k + 1) ∈ R1+N

eκu(k) = 1Tuκ(k)− u⋆κ(k) ∈ R.
(2.12)

In (2.11), ∥eκx∥2Q = eT
κxQeκx denotes the weighted quadratic norm of states tracking er-

ror eκx, and matrix Q = diag ([σ1 σ211×N ]) is used to trade-off the tracking error between

the current and capacitor voltages in every cluster. Additionally, the non-negative parameter

λ regulates the states tracking error eκx and the input effort eκu. Since u⋆κ(k) ∈ R is the re-

quired cluster steady-state duty-cycle to maintain the SMs capacitor voltage and the cluster

current in the desired steady-state x⋆κ(k+1) presented in (2.10), the parameter λ allows mod-

ifying the response of the closed-loop system (Aguilera & Quevedo, 2015). Further details

regarding the desired steady-state duty-cycle is given in Section 2.4.3.

By considering the cluster model (2.8) and the cost function (2.11) it is possible to for-

mulate a standard single-step horizon FCS-MPC of an M3C, considering a finite set of 9×3N

possible control actions.
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2.3.2. Proposed Long-Horizon Sequential FCS-MPC

This chapter proposes a long-horizon sequential FCS-MPC for an M3C. The control

targets per cluster for a long-horizon are given by the cluster current and cell capacitor volt-

ages, so the state references for a long-horizon model are the same as the one presented for

single-horizon model (2.10).

In (Mora et al., 2015), the cluster model considers the update of only one cell, reducing

the possible combinations because the combinations increase exponentially with the num-

ber of cells in the standard FCS-MPC. Although the cluster is composed of several cells,

considering a sequential update of the switching states makes it possible to reduce the total

available combinations because only one cell is optimized in every sampling period.

Following the sequential updating principle introduced in (Mora et al., 2015), to formu-

late the long-horizon predictive control strategy, we present the control input to be optimized

in every sampling time k as follows

Uκ(k) =
[
uκ,j(0) . . . uκ,j+H−1(H − 1)

]T
, (2.13)

which represents the controller switching sequence to decide over horizon H={0, . . . , H −

1}, with H≤N , as illustrated in Fig. 2.2(a) for a horizon length H = 3. In (2.13), the

sampling time k was omitted for simplicity, and the switching states are evaluated from SM

j to j +H − 1.

Thus, by taking into account that only the ℓth SM’s switching state is updated at horizon

h ∈ H, the predictive tracking error can be explicitly rewritten in terms of switching state to

be updated as:

eκx(h+1) = Axκ(h) + bℓ(h)uκℓ(h) + ηℓ(h)− x∗
κ(h+ 1) (2.14)

where bi(h) is the ith column vector in matrix Bκ(h), and ηℓ(h) is a known disturbance

given by:

ηℓ(h) =
∑
∀i ̸=ℓ

bi(h)uκi(h− 1) + gκ(h) (2.15)
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Figure 2.2. Optimization process over horizon length H = 3: (a) sub-
modules to evaluate when j +H − 1 ≤ N ; and (b) sub-modules to evaluate
and reset when j +H − 1 > N .

Therefore, the optimization problem underlying the proposed long-horizon sequential

FCS-MPC can be stated as:

min
Uκ

∑
h∈H

(
∥eκx(h+ 1)∥2Qh

+ λhe
2
κu(h)

)
(2.16a)

s. t. (2.14) (2.16b)

Uκ ∈ {−1, 0,+1}H (2.16c)

|uκ,j(h)− uκ,j(h− 1)| ≤ 1, (2.16d)

As shown in the cost function in (2.16a), the weight λh regulates the states tracking

error eκx and the input effort eκu over the prediction horizon h∈H. Analogously, matrix

Qh = diag ([σ1h σ2h11×N ]) regulates the tracking error between the current and capacitor

voltages.
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In the stated optimal control problem (2.16), condition (2.16d) is included to only allow

switching transitions between consecutive levels, producing a variable feasible control set U

per sampling time, whose cardinality M = |U| can be bounded between 2H and 3H for every

cluster. As shown in the control diagram presented in Fig. 2.3, the proposed control method

performs an enumeration search algorithm in which the predictions of the system state over

the feasible control set are evaluated into the cost function. Specifically, the algorithm first

step updates the feasible control set U = {U (1)
κ , . . . ,U

(M)
κ } by taking into account the pre-

vious switching state uκ(k − 1) and constraints (2.16c) and (2.16d). Then, the controller

predicts the tracking errors over the prediction horizon and computes the cost function value

for every candidate control input, i.e., J (m)
κ with m ∈ {1, . . . ,M}. Finally, the optimal

control sequence U ⋆
k (k) is the one that produces the minimal cost function value.

It is worth highlighting that, although the switching states are evaluated from the SM j to

the one j +H − 1, only the first element in U ⋆
k (k) [see (2.13)] is updated in every sampling

instant, as illustrated in Fig. 2.2. This control action update follows the receding-horizon

MPC working principle (Quevedo et al., 2018, 2014). Moreover, since subindex ℓ denotes

the SM to be optimized at the horizon h ∈ H, it is defined as ℓ = j + h and its value is reset

when ℓ > N , as illustrated in Fig. 2.2(b).

The sequential FCS-MPC Horizon H of an M3C is referred to as sFCS-MPC-HH .

2.4. References Design

The overall control strategy is shown in Fig. 2.3. This section aims to obtain the state

references, x⋆κ(h + 1), considering current of both ports, capacitor voltages and the CCV

balancing controller requirements as:

x⋆κ(h+ 1) =
[
i⋆κ(h+ 1) v⋆Cκ

T(h+ 1)
]T

∈ R1+N (2.17)

where each element in v⋆Cκ(h+ 1) is considered constant and equal to v⋆C . Additionally, the

required steady-state control input u⋆κ(h) is also determined in this section.

The current references are designed in the double-αβ0-framework (D-αβ0). In order to

transform the D-αβ0 currents into arm currents, the power-invariant Clark Transformation,
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Figure 2.3. Proposed control scheme.[
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2.4.1. Input and Output Current Reference

The reference for the input and output currents are designed in the αβ0-framework. By

considering an active power references for the output system, a symmetric current reference

is obtained:

iχαβ0 =

√
2P ⋆

χ√
3rL

 sin(ωχt)

− cos(ωχt)

 (2.19)

where P ⋆
χ is the active power reference for a passive load with inductance LL and resistance

rL. Then, in order to regulate the average energy of the converter, the required input active

power P ⋆
Ψ must be the sum of the desired output active power P ⋆

χ and the power consumed
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Figure 2.4. Intra-CCV and inter-CCV balancing control (Diaz et al., 2017).

by the M3C, Ploss. This leads to the following expression for the input current reference:

iΨαβ0 =
1

vΨα
2 + vΨβ

2

vΨα vΨβ

vΨβ −vΨα

P ⋆
χ + Ploss

Q⋆
Ψ

 (2.20)

The power losses Ploss are obtained by a PI controller as shown in Fig. 2.3, which allows

to regulate the internal energy of the converter, being part of the CCV control.

Finally, the current references in the D-αβ0 framework for both ports are given by:

[
i⋆α0 i⋆β0 i⋆0α i⋆0β

]T
=

1√
3

iΨαβ0
iχαβ0

 . (2.21)

2.4.2. Circulating Current Reference

The CCV control considers the energy balance among clusters, designing a proper circu-

lating current. By analyzing the cluster powers and cluster voltages in the D-αβ0-framework

the waveform for the circulating current can be deduced as is presented in (Diaz et al., 2017;

Kawamura et al., 2014; Diaz, Cardenas, et al., 2020). In this work, the CCV balancing con-

trol introduced in (Diaz et al., 2017) is implemented, where every circulating current possess

two components as follow:
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where the first component is given by the intra-CCV balancing control (Fig. 2.4):
i⋆αα1

i⋆αβ1

i⋆βα1

i⋆ββ1
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−I⋆d2 sin(ωΨt) + I⋆q2 cos(ωΨt)

 (2.23)

and the second term is given by the inter-CCV balancing control (Fig. 2.4):
i⋆αα2

i⋆αβ2

i⋆βα2

i⋆ββ2

 =


I⋆d3 cos(ωχt) + I⋆d5 cos(ωΨt)

I⋆d3 sin(ωχt) + I⋆d6 cos(ωΨt)

I⋆d4 cos(ωχt) + I⋆d5 sin(ωΨt)

I⋆d4 sin(ωχt) + I⋆d6 sin(ωΨt)

 (2.24)

with ωΨ and ωχ the frequency of the input- and output-ports, respectively. The amplitudes

I⋆d1, I
⋆
d2, I

⋆
d3, I

⋆
d4, I

⋆
d5, I

⋆
d6, I

⋆
q1 and I⋆q2 are obtained by PI controllers in order to regulate the

cluster imbalance in the D-αβ0-framework as shows Fig. 2.4.

2.4.3. Modulation Index Reference

The modulation index references for each arm are generated by considering the system in

steady-state. This means that the currents of the converter are the desired ones, i.e., iαβ0(k) =

i⋆αβ0(k). Thus, by substituting the current references (2.21) and (2.22) into the dynamic

model (2.1) in the D-αβ0-framework, it is possible to calculate the desired voltages in the
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D-αβ0-framework as:
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Then, by premultiplying by
[
Cαβ0

]T and postmultiplying by
[
Cαβ0

]
, the voltages obtained

in (2.25) are represented in the abc-framework:
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Thus, the steady-state duty-cycle required by the proposed controller in (2.12) are obtained

by dividing the desired ac cluster voltage v⋆κ by the available cluster capacitor voltage:

u⋆κ = N
v⋆κ∑N

j=1 vC,κj
(2.27)

Finally, the future references values are obtained by evaluating them at a discrete-time

instant t(k + 1) = t(k) + kTs.

2.5. Experimental Results

Experimental results were performed to analyze the proposed long-horizon sequential

FCS-MPC strategy performance when governing an M3C connected to a three-phase sys-

tem and a passive load. The grid-voltage was generated by a regenerative grid-simulator

(NHR9410) and the passive load was implemented by a regenerative ac load (NHR9430).

Fig. 2.5 presents the prototype, where the proposed predictive control scheme was imple-

mented on an OPAL-RT OP4510 controller. The main setup parameters are shown in Ta-

ble 2.1. The sFCS-MPC-HH was tuned with σ1h=σ1=1, σ2h=σ2=0.2 and λh=λ=0.4.
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Figure 2.5. 3 kVA experimental prototype.

2.5.1. Predictive Control Strategies Comparison

The proposed strategy was evaluated in four versions, from horizon one to four (sFCS-

MPC-HH , H ∈ {1, 2, 3, 4}), and compared with two Finite-Control-Set strategies, referred

in this chapter as sFCS-MPC-27 (Mora et al., 2015) and FCS-MPC-729 (Vazquez et al.,

2017).

• sFCS-MPC-27 (Mora et al., 2015): This predictive control strategy considers the update

of one cell each sampling time per arm, which means a total possible combinations of

9×3 = 27. In addition, the strategy considers a tracking error of arm current and capacitors

only.
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Figure 2.6. Experimental closed-loop comparison, sequential FCS-MPC-H1
strategy proposed in (Mora et al., 2015) (left), proposed sequential FCS-
MPC-H4 strategy (middle) and FCS-MPC-729 strategy (right). (a) input cur-
rents, (b) output currents, (c) capacitor voltages, (d) ua-cluster output voltage
and (e) ua-cluster output voltage spectra.

• FCS-MPC-729 (Vazquez et al., 2017): This predictive control strategy considers the fea-

sible cell output voltage, so for a four-cell M3C converter the total states are 39N = 336 ≈

1.5 × 1017 which cannot be implemented in a simulation environment, even less in a real

application. Therefore, the total combinations are reduced by considering the common-

mode voltage as a known disturbance, decreasing the total combinations to 9 × 3N =

9 × 34 = 729. Additionally, by including constraint (2.16d), the total combinations are

bounded by 144 and 729, making its implementation feasible. Nonetheless, the computa-

tional burden of this predictive strategy increases exponentially with the number of cells

of the converter.
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Figure 2.7. Experimental key performance indexes radial graph.
Table 2.1. System parameters

Variable Description Sim/Exp

P Rated power 3 kW
vΨ Input grid voltage (line-to-line rms) 190 V
fΨ Input grid frequency 60 Hz
rL Output resistance 14 Ω
LL Output inductance 1 mH
fχ Output frequency 5950 Hz
N SMs per clusters 4
C SM capacitance 987 µF
v⋆dc dc cap. voltage per SM 120 V
L Cluster filter inductance 5 mH
r Cluster filter resistance 0.1 Ω
Ts Sample time 60 µs

• sFCS-MPC-H4: This proposed predictive control strategy with four-horizon sequential

FCS-MPC has a maximum of 9× 3H = 9× 34 = 729 possible combinations.

The comparison of the three strategies is shown in Fig. 2.6. Here, it is possible to observe

that all the analyzed predictive control strategies achieve a fast dynamic response under a

power step. In steady-state, all the strategies achieve the desired system references, obtaining
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balanced input and output currents, and balanced clusters and cells with a mean capacitor

voltage equal to 120 V. However, the proposed sFCS-MPC-H4 provides several advantages

when compared to the other two strategies, such as, low average cell switching frequency, a

reduced harmonic distortion and a low capacitor ripple.

In order to compare these three strategies, the following five key performance indexes

(KPIs) were defined:

(i) KPII : average arm current tracking error.

(ii) KPIVc: average capacitor voltage tracking error.

(iii) THD: total harmonic distortion of the phase-a voltage.

(iv) WTHD: weighted THD of the phase-a voltage.

(v) f̄Sw: average cell switching frequency.

Fig. 2.7 presents the summary of the five experimental KPIs. Notice that the lower the KPI,

the better performance. Therefore, if we weight all the KPIs equally, normalizing each KPI

with respect the maximum value, the strategy with the best performance will be the one with

the lowest sum. The proposed sFCS-MPC-H3 has the lowest value of 3.48, achieving the

best performance, followed by the proposal with horizon 2 (with 3.62) and 4 (with 3.66). In

contrast, the FCS-MPC-729 has the worst performance (with 4.14).

The proposed sFCS-MPC-H3 improves the KPII and KPIVc performance indexes with

0.44 A and 2.19 V, highly reducing the capacitor voltage ripple, in comparison with (Mora

et al., 2015) whose KPIs are 0.47 A and 3.42 V, respectively. Additionally, the voltage har-

monic distortion is reduced, decreasing the THD from 3.95% to 3.82% and the WTHD from

0.43% to 0.38%. However, the average switching frequency rises from 589 Hz to 618 Hz

and the total number of input combination to be evaluated in the cost function increases from

27 to 243.

The proposed sFCS-MPC-H4, in comparison with the FCS-MPC-729, highly reduces the

average cell switching frequency by 80.66%, from 3563 Hz to 689 Hz, significantly reducing

the switching power losses. Nevertheless, the cluster current and capacitor voltage tracking

error are slightly higher, increasing these indexes by 12.5% and 8.33%, respectively. In
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addition, the distortion rises, increasing the voltage THD and WTHD by 12.01% and 7.14%,

respectively.

An increase in the prediction horizon has a direct impact in the capacitor voltage tracking

error, improving it by up to 47.3%, from 3.7 V to 1.95 V. However, it does not highly impact

the KPII . In terms of distortion, the best performance occurs for the sFCS-MPC-H3, where

the voltage THD and WTHD decrease by 4.02% and 17.39%, regarding the sFCS-MPC-H1.

Finally, the average cell switching frequency augments with as the prediction horizon, going

from 476 Hz to 517 Hz, 618 Hz and 689 Hz. Therefore, by increasing the horizon there is a

trade-off between the tracking error and the average cell switching frequency performance.

Experimental mismatches up to 50% has been considered for three parameters: the fil-

ter resistance (r), the filter inductance (L) and the sub-module capacitance (C). Parameter

mismatches are generated in the model while maintaining the experimental setting, and its

effects in the cluster current and capacitor voltage deviations (KPII and KPIVc) were evalu-

ated. The changes in the KPIs (the absolute value of the KPI with the mismatch minus the

KPI with no mismatch) have been plotted in Fig. 2.9. The mismatch in the filter resistor

generates marginal deviations that can be neglected, which is due to its small value. The

mismatch in the sub-modules capacitance does not generate a considerable deviation in the

cluster current, but it does in the voltage of the capacitors for all the methods, where horizon

3 is the most tolerant of all. Finally, the inductor mismatch generates the largest deviations

of cluster current and capacitor voltage, especially when the inductor increases in the model,

being the (Mora et al., 2015) method the most affected. However, all the methods present

tolerance to these mismatches.

2.5.2. Closed-Loop Steady-State Performance

The results of the closed-loop steady-state performance are presented in the Fig. 2.8. As

can be seen, the proposed sFCS-MPC-H4 is able to properly govern the M3C, achieving a

symmetric waveform for the input, output and circulating currents as shown Figs. 2.8(a),

2.8(b) and 2.8(d), respectively. Additionally, in Fig. 2.8(c), the predictive strategy success-

fully regulates the capacitor voltages at 120 V. Moreover, the circulating currents are properly
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Figure 2.8. Experimental steady-state performance. (a) input currents, (b)
output currents, (c) capacitor voltages, (d) circulating currents and (e) ua-
cluster current.

tracked in order to balance the converter clusters and reduce the capacitor voltage ripple. It

is important to mention that this control strategy is able to track any current waveform,

including several frequencies in comparison with control strategies that uses proportional

controllers (cf. (Diaz et al., 2019)).
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The spectrum of the proposal is centered at low frequency and its spread because the pro-

posed does not use a modulator. In terms of the input currents, the phase-u current presents a

THD of 3.08% and a WTHD of 0.72%. However, in terms of the output currents, the phase-

a current has a lower THD and WTHD, which are 1.80% and 0.30%, respectively. These

different behaviors between input and output currents, in terms of distortion, is mainly given

by the PI controller which regulates the average energy of the converter because it directly

affects the reference generation of the input currents. Moreover, the cluster current is prop-

erly controlled even when its reference presents different frequency components as shown in

Fig. 2.8(e).

The lambda value is used to adjust the compromise between the state tracking error and

the control effort, allowing the dynamic response of the closed-loop system to be modified

Different values of lambda has been tested to appreciate its effects in the states. A low

value of lambda allow the proposal to drastically change the state of the sub-module in order

to reduce the state tracking error only. In contrast, a high value of lambda increases the

importance of the duty cycle reference, so the M3C operates in open-loop. As presented in

the Fig. 2.10, a very high lambda value leads to an open-loop operation, affecting the phase

in the current port and with it, the state tracking error. Therefore, a middle value must be
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Figure 2.10. Experimental results of the proposal with horizon 4 under dif-
ferent values of λ. (a) output-port; (b) input-port; and (c) capacitor voltages.

chosen in order to obtain a balance between good state tracking error and a smooth voltage

waveform.

2.5.3. Closed-Loop Dynamic Response

The results of the closed-loop dynamic response performance under a power-step are

presented in Fig. 2.6 and Fig. 2.11, and under an intra-cluster imbalance in the Fig. 2.12.

2.5.3.1. Power Step Change

The dynamic response, in terms of power step change, is almost instantaneous and does

not present overshoot. The peak value of both ports increase due to the power step and

the speed of the change is fast, as shown in Figs. 2.6a and 2.6b. In Fig. 2.6c, the ripple of

the capacitor voltages augment due to the power step; nevertheless, the mean value of the



45

-20

-10

0

10

20
-300

-150

0

150

300

0 50 100 150 200
-2

0

2

4

kW
, k

V
A

r

(a)

(b)

(c)

Figure 2.11. Experimental dynamic response of input-port power. (a) input-
port voltage; (b) output-port current; and (c) input-port active and reactive
power.

capacitor voltages remains constant. Additionally, the input-port always presents a unitary

power factor as is shown in Fig 2.11, where the grid voltage and its current are in phase

obtaining a null reactive power, meanwhile the active power is changed from 1 to 3 kW.

2.5.3.2. Intra-Cluster Imbalances

In this test, an imbalance among ua-cluster cells is imposed in order to present the dy-

namic response of the sFCS-MPC-H4 to balance them. The dynamic response of currents

and capacitor voltages are presented in Fig. 2.12. Until second 0.2, the capacitor voltages

of the ua-cluster are intentionally governed to achieve an unbalanced condition of 100, 110,

130 and 140 V, respectively. Then, in the second 0.2, a balanced capacitor voltage condi-

tion is imposed to 120 V. This voltage balancing is achieved in less than 25 ms. Notice
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Figure 2.12. Experimental intra-cluster imbalance. (a) input currents, (b)
output currents, (c) capacitor voltages, (d) circulating currents.

that the circulating current references are not affected since they are designed to balance the

converter among cluster and not among cells of a specific cluster.

2.5.4. Different Output Frequency Performance

The results of the sFCS-MPC-H4 governing the M3C with different frequencies are pre-

sented in the Fig. 2.13. In this test, the fundamental frequency at the uvw-port is fixed at

60 Hz, while the fundamental frequency at the output-port has been changed. In the first

part, the fundamental frequency at the output-port is 5 Hz; in the second part. 30 Hz; and in

the last part, 50 Hz. The sFCS-MPC-H4 is able to track the current references independent
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5) ua-cluster output voltage, and (Ch 6) va-cluster current.

of its fundamental frequency and the resulting common-mode voltage is low because the

duty-cycle references consider a null common-mode voltage. The capacitor voltage ripple is

±15 V when the fundamental frequency fχ is 5 Hz, and is reduced to ±8 V when the funda-

mental frequency fχ is higher. The cluster current and output voltage waveform depend on

the frequencies of both ports, presenting both frequencies, specifically, the subtraction of u-

and a-phase. Notice when fχ is 30 Hz, the mean value is not zero because fψ is twice the

frequency fχ, so the peak values are in phase.

The closed-loop dynamic response of the proposed controller under step changes on the

output frequency is presented in Fig. 2.14. As shown in Fig. 14b, the output current response

under a frequency change is instantaneous, similar to the one obtained under step changes on

the active power presented in Fig. 2.6, Moreover, the capacitor voltages are well regulated
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Figure 2.14. Experimental dynamic response under frequency changes. (a)
capacitor voltages; (b) input and output current; and (c) ua− and va−cluster
current.

even during sudden frequency changes, as depicted in Fig. 14(a), proving that the proposed

controller enables the converter to operate with variable frequency.

2.5.5. Scalability Analysis of the proposed sFCS-MPC-HH

The computational burden of the different MPC methods has been calculated in terms

of floating point operations per second (FLOPS). On the one hand, by analyzing equa-

tions (2.14), (2.15), (2.16a), and neglecting multiplications with zeros, the proposed con-

trol algorithm presents a total number of FLOPS of 9H · 3H (8N + 13) /Ts. On the other

hand, the control methods presented in (Mora et al., 2015) and (Vazquez et al., 2017) have

27 (7N + 10) /Ts and 9 · 3N (8N + 13) /Ts FLOPS, respectively. The number of FLOPS

required per control strategy as function of the number of sub-modules are presented in
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Fig. 2.15, where all the control strategies have a quadratic increment, unlike (Vazquez et al.,

2017) which increases exponentially.

The converter prototype is governed by an OPAL-RT OP4510. This control platform is

equipped with an Intel Xeon Processor E3-1565L v5, capable of executing 89.6 GFLOPS

with its four cores. Consequently, as shown in Fig. 2.15, the maximum number of SMs

the proposed controller can handle are 24887, 4146, 920 and 228 for horizons 1,2,3 and 4,

respectively. In contrast, (Mora et al., 2015) and (Vazquez et al., 2017) can handle up to

28443 and 8 SMs, respectively.

Furthermore, for the converter prototype with N = 4 SMs, the experimental execution

times of the proposed control algorithm are 0.43, 1.13, 3.67 and 10.72 µs, for horizons 1, 2, 3

and 4, respectively. Instead, the execution times of the control method presented in (Mora et

al., 2015) and (Vazquez et al., 2017) are 0.4 and 1.57 µs, respectively. Therefore, the control

strategies can be sorted from highest computational burden to lowest as (Mora et al., 2015),

sFCS-MPC-H1, sFCS-MPC-H2, (Vazquez et al., 2017), sFCS-MPC-H3, and sFCS-MPC-

H4. This behavior is the same obtained with the FLOPS analysis previously mentioned, for

N = 4, as shown in Fig. 2.15.

2.6. Conclusion

This chapter proposed a long-horizon sFCS-MPC strategy to govern M3Cs. The pro-

posed controller can effectively perform the LCB control task and regulate the cluster cur-

rent in a single multivariable control stage. Additionally, by considering the common-mode
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voltage as a known disturbance, the control strategy is independent of the other clusters and

the maximum number of total possible combinations are 3H per cluster. Therefore, in order

to govern the M3C nine sFCS-MPC-HH are implemented.

The experimental results showed that the proposed sequential FCS-MPC-H4 provides a

fast dynamic response and steady-state tracking for the input, the output, and the circulat-

ing currents, even if they present multiple frequency components. Moreover, the proposed

controller significantly improved the average cell switching frequency, the computational

burden and its scalability in comparison with the FCS-MPC-729 (Vazquez et al., 2017) and

reduced the capacitor voltage ripple in comparison with the standard sFCS-MPC-27 (Mora

et al., 2015).
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CHAPTER 3. COMPUTATIONALLY EFFICIENT MPC FOR MODULAR MUL-

TILEVEL MATRIX CONVERTERS OPERATING WITH FIXED

SWITCHING FREQUENCY

3.1. Introduction

Modular multilevel cascaded converters (MMCCs) are considered the next generation

technology for medium and high power applications given by its high quality voltage wave-

form, modularity and capability to directly connect at medium and high voltages (Perez et

al., 2021; Perez et al., 2015; Briz et al., 2016; Diaz et al., 2017; Kawamura et al., 2014). The

cascaded H-bridge (CHB), the modular multilevel converter (M2C), the modular multilevel

matrix converter (M3C) and Hexverter are some examples of MMCCs.

In terms of ac to ac power conversion, the back-to-back M2C (B2B-MMC) and the

M3C are the preferred power converters to use for applications such as, wind energy conver-

sion systems (WECS) and medium/high voltage motor drives for marine propulsion, mills,

pumps, conveyors, power system interconnections (50-60 Hz) and low frequency ac (LFAC)

transmission systems (Diaz, Cárdenas, et al., 2020).

The M3C, also known as triple-star bridge cell (TSBC) converter, has been compared

with B2B-M2C for ac-ac applications (Diaz, Cárdenas, et al., 2020). As a result, in com-

parison with the B2B-M2C, the M3C directly performed ac-to-ac conversion without a high

voltage dc-link (Diaz et al., 2017; Kawamura et al., 2014) and needs less sub-modules (Bravo

et al., 2022). Moreover, for low frequencies and high power applications such as LFAC

transmission systems, WECS and low speed motor drives, the M3C has shown a better per-

formance (Diaz, Cárdenas, et al., 2020). Nevertheless, the implementation of the M3C has

been hampered due to its control complexity, dealing with a highly coupled system, several

floating capacitors, a big number of control signals and critical operating frequencies (Diaz

et al., 2019; Kawamura et al., 2015).

A standard approach to solve the previously mentioned challenges is considering a sev-

eral proportional-integral (PI) or proportional-resonant (PR) controllers (Diaz et al., 2017,

2019; Bravo et al., 2022; Kawamura et al., 2014; Ma et al., 2020). However, the robust-

ness of the closed-loop response is reduced when using multiple single-input-single output
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(SISO) controllers in highly coupled systems with more variable than degrees of freedom

in comparison with multiple-inputs-multiple-outputs (MIMO) controllers. Additionally, the

tuning of linear controllers works for a local operating point, outside this region the multiple

SISO strategy performance worsens.

The finite-control-set model-predictive-control (FCS-MPC) has been proposed in the lit-

erature to solve the aforementioned SISO control limitations (Mora et al., 2015; Dekka et al.,

2019; R. H. Cuzmar, Mora, Pereda, Poblete, & Aguilera, 2023). However, the FCS-MPC

introduces other disadvantages such as a spread frequency spectrum, mainly concentrated at

low frequencies, due to the lack of a modulation stage, and requires a high computational

effort which increases exponentially with the number of sub-modules, limiting the imple-

mentation of FCS-MPC to M3Cs with a reduced number of sub-modules. In (Urrutia et al.,

2021), a continuous-control-set MPC (CCS-MPC) has been proposed in the literature, but

that strategy is designed to only control the circulating currents. In (Fan et al., 2018b; Urrutia

et al., 2022; R. Cuzmar et al., 2023), the MPC strategies have been designed to balance the

energy among clusters generating the optimal circulating currents. Nonetheless, these strate-

gies do not govern the currents or balance the energy among sub-modules of the M3C. In

(Mora et al., 2019), an MPC strategy is proposed to balance the energy among sub-modules

in a cluster, achieving a faster dynamic response in comparison with a standard algorithm

for PS-PWM. Nevertheless, this approach do not perform the current control of the M3C. To

account for these drawbacks, a sequential phase-shifted model-predictive-control (PS-MPC)

has been proposed for multilevel converters to improve the frequency spectrum and reduce

the computational burden of the MPC. The PS-MPC exploits the sequential working prin-

ciple of a phase-shifted pulse-width-modulation (PS-PWM), which allows the MPC to only

optimize the duty-cycle of the switch that is going to be updated next. The PS-MPC was

initially implemented in a single-phase flying capacitor converter (Aguilera et al., 2017), and

then proposed to govern a CHB converter with independent power sub-modules (Cuzmar et

al., 2020), and an M2C in order to include multiple control objectives (ac current, circulating

currents and capacitor voltages balance) (Poblete et al., 2021). Nevertheless, in (Aguilera et
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al., 2017; Cuzmar et al., 2020; Poblete et al., 2021), the optimal unconstrained solution of

the control inputs are saturated and might not be the optimal during transients.

This chapter proposes a remodeling of the M3C for the design and implementation of a

tailor-made sequential PS-MPC, which considers the coupling of the states, the control in-

put constraints and simplifies the control structure in comparison with multiple-SISO-based

control strategies. Thus, the proposed control strategy is formulated to control the clus-

ter currents directly in the double αβ0 framework and the SM capacitor voltages by only

computing nine control signals at each sampling instant independently of the number of sub-

modules of the converter. This increases the scalability and applicability in comparison with

a standard FCS-MPC. In addition, the proposed strategy directly considers the dynamic of

the three-phase ac-ports, allowing to include different types of loads in the optimal control

problem.

The contribution and novelty of this proposal is the reformulation of the M3C modeling

to apply a computationally efficient MPC strategy that fully exploits the working principle of

the PS-PWM technique, including the dynamic particularities of this MMCC topology. Fur-

thermore, in contrast to previous PS-MPC strategies, this work achieves the optimal solution

not only in steady-state but also during transients.

Therefore, the M3C model was formulated to achieve a decoupled set of current equa-

tions while maintaining the control input in the original framework when they need to be con-

strained for a safe converter operation. Additionally, the M3C has a very particular dynamic

at different operating frequencies, which was considered by the proposed model. There-

fore, the contribution of this work is not the simple application of the sequential PS-MPC

to an M3C but rather the remodeling of the converter and algorithm to achieve the follow-

ing advantages: i) a unified control structure to control the SM capacitor voltages and the

arm currents considering the control input limits as bound constraints; ii) reduced compu-

tational burden by computing only one control signal per cluster at each sampling time; iii)

scalability to operate with a large number of sub-modules; and iv) fast closed-loop transient

response with low distortion and capability to track multiple frequency wave-forms in the

arm currents.
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Figure 3.1. The M3C topology: (a) circuit diagram; (b) N -cell cluster; and
(c) full-bridge-based submodule.

Experimental results are provided to verify the proposal performance and effectiveness,

showing a fast dynamic response, a low harmonic distortion, and a suitable computational

burden operating with a single centralized controller.

3.2. The Modular Multilevel Matrix Converter Model

The M3C topology is composed of nine stacks or clusters to interconnect two three-

phase ac-ports (Fig. 3.1(a)). Each cluster is formed by connecting several H-bridges cells

or sub-modules (SMs) in cascade manner along with a series cluster inductor (Fig. 3.1(b)).

Additionally, as shown in Fig. 3.1(c), each SM has a floating capacitor in its dc-link.

The M3C has four control targets: the currents of both ac-ports; the circulating currents;

and the capacitor voltages of each sub-module. The balancing of the capacitor voltages can

be indirectly attained by implementing three energy control strategies (R. Cuzmar et al.,

2023; Diaz, Cardenas, et al., 2020; Urrutia et al., 2021): i) Total Energy Balancing (TEB)

Control: Regulate the energy stored in all capacitors to the desired level by transferring

power to or from the AC ports. ii) Inter-Cluster Balancing (ICB) Control: Distributes the

power of the M3C among all its clusters, determining the imposition of internal command

signals for the common-mode voltage and the circulating currents, without affecting the

AC ports. However, the ICB should generate minimal circulating currents to increase the
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efficiency and power density of the converter. iii) Local-Cluster Balancing (LCB) Control:

Locally regulates the capacitor voltage of each SM in each cluster. It is usually implemented

at the modulation stage. In addition, when the converter operates at a shallow frequency in

any external port, but most acutely when these frequencies get closer or equal, it is necessary

to mitigate large oscillations in the SM capacitor voltages by injecting a proper CMV and

additional circulating current components. The latter control task is referred to as Low-

Frequency Oscillation (LFO) mitigation.

3.2.1. Modelling of the M3C

Considering the circuit diagram of the M3C shown in Fig. 3.1(a), the continuous-time

model of each branch current, iΨχ, can be expressed via:

d

dt
iΨχ =

1

L

(
vΨ − riΨχ − vΨχ − vχ − vno

)
(3.1)

where Ψ ∈ {a, b, c} and χ ∈ {u, v, w}. Here, L and r are the inductance and the resistance

of the cluster filter, respectively. Additionally, the variables vΨ and vχ stand for the input-

and the output-port voltage in each phase, respectively; and vno denotes voltage between the

neutral points. The cluster voltage, vΨχ, is formed by the sum of all its individual sub-module

voltages, i.e.:

vΨχ =
N∑
j=1

vΨχj (3.2)

In (3.2), vΨχj is the jth sub-module output voltage and its average value over a switching

period is given by:

vΨχj = vC,Ψχj δΨχj (3.3)

where δΨχj(t) ∈ D ≜ [−1, 1] represents the duty cycle of the j-th sub-module in the Ψχ-

cluster, which is the control input of the system. Moreover, the dynamic model of each

capacitor voltage, vC,Ψχj , is given by:

d

dt
vC,Ψχj =

1

C
iΨχ δΨχj (3.4)
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Then, by applying the above equations to all nine arms, the following dynamic model for

the cluster currents is obtained:

L
d

dt


iau ibu icu

iav ibv icv

iaw ibw icw

 =


va vb vc

va vb vc

va vb vc

− r


iau ibu icu

iav ibv icv

iaw ibw icw



−


vau vbu vcu

vav vbv vcv

vaw vbw vcw

−


vu vu vu

vv vv vv

vw vw vw

− vno


1 1 1

1 1 1

1 1 1

 .

(3.5)

The cluster currents presented in (3.5) have input, output and circulating currents mixed.

To facilitate the control design, the so-called αβ0 transformation is applied to (3.5) in order

to obtain decoupled currents. The αβ0 transformation matrix is given by:

Cαβ0=

√
2

3


1 −1

2
−1

2

0
√
3
2

−
√
3
2

1√
2

1√
2

1√
2

=


cα1 cα2 cα3

cβ1 cβ2 cβ3

c01 c02 c03

=


Cα

Cβ

C0

 (3.6)

The M3C model can be represented in the double-αβ0-framework (D-αβ0) premultiply-

ing by
[
Cαβ0

]
and postmultiplying by

[
Cαβ0

]T, resulting in the following decoupled model:

L
d

dt


iαα iβα i0α

iαβ iββ i0β

iα0 iβ0 0

 =
√
3


0 0 0

0 0 0

vαΨ vβΨ 0

− r


iαα iβα i0α

iαβ iββ i0β

iα0 iβ0 0



−


vαα vβα v0α

vαβ vββ v0β

vα0 vβ0 v00

−
√
3


0 0 vαχ

0 0 vβχ

0 0 0

−


0 0 0

0 0 0

0 0 3vno


(3.7)

The double-αβ0 representation allows to directly govern input, output and circulating

currents of the converter because they are fully decoupled (Diaz et al., 2017, 2019; Diaz,

Cardenas, et al., 2020; Kawamura et al., 2014). Thus, the dynamic of the both three-phase
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Table 3.1. System variables

Variable Definition Description

iαβ0(k)
[
iαα iαβ iα0 iβα iββ iβ0 i0α i0β

]T
D-αβ0 cluster current vector

vC,j(k)
[
vT
C,aj(k) vT

C,bj(k) vT
C,cj(k)

]T
Capacitor voltage j vector

vC,Ψj(k)
[
vC,Ψuj(k) vC,Ψvj(k) vC,Ψwj(k)

]T
Capacitor voltage Ψj vector

δj(k)
[
δT
aj(k) δT

bj(k) δT
cj(k)

]T
Control signal j vector

δΨj(k)
[
δΨuj(k) δΨvj(k) δΨwj(k)

]T
Control signal Ψj vector

systems can be directly considered in the model, e.g., a three-phase inductive load:vαχ
vβχ

 = rL

iαχ
iβχ

+ LL
d

dt

iαχ
iβχ

 (3.8)

where LL and rL are the inductance and the resistance of the load, respectively. Moreover,

the relation between the αβ0 uvw−current and the D-αβ0 cluster current is given by

iαχ
iβχ

 =
√
3

i0α
i0β

 (3.9)

Thus, the dynamic of the abc−port can be directly considered as function of the D-αβ0

cluster currents: vαχ
vβχ

 =
√
3rL

i0α
i0β

+
√
3LL

d

dt

i0α
i0β

 . (3.10)

3.2.2. Discrete-Time Model

This work formulates the PS-MPC strategy for an M3C to control the transformed cluster

currents and to perform the LCB control in a simple and unified manner. For that purpose,

the system state, at each instant k, is chosen as:

x(k) =
[
iαβ0

T
(k) vT

C,1(k) . . . vT
C,N(k)

]T
∈ R8+9N (3.11)
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where iαβ0(k) ∈ R
8 is the current vector in the double-αβ0 framework and vC,j(k) ∈ R

9

is the vector comprising the capacitor voltage of the j-SM of each cluster. Moreover, the

control input vector, u(k), is defined by:

u(k) =
[
δT
1 (k) . . . δT

N(k)
]T

∈ D9N (3.12)

where δj(k) comprises the modulating signals arranged analogously as the capacitor voltage

vector. The vectors in (3.11) and (3.12) are summarized in Table 3.1.

Additionally, the three-phase systems voltages at the input (abc−port) and output (uvw−port)

of the converter in the αβ0-framework are defined as:

vαβΨ (k) =
[
vαΨ(k) vβΨ(k)

]T
,

vαβχ (k) =
√
3rL

i0α
i0β

+
√
3LL

d

dt

i0α
i0β

 (3.13)

Finally, by considering (3.11)–(3.13) and applying the forward Euler discretization to

(3.4) and (3.7) using a sampling period Ts, the following discrete-time model can be ob-

tained:

x(k + 1) = Ax(k) +B(x(k))u(k) + EΨv
αβ
Ψ (k) (3.14)
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where

A=

 Aup 08×9N

09N×8 I9N

, EΨ=
√
3
Ts
L



02×2

1 0

02×2

0 1

02+9N×2


,

B(x(k))=



Bup
1 (xk) B

up
2 (xk) . . . Bup

N (xk)

Blo
1 (xk) 09×9 . . . 09×9

09×9 Blo
2 (xk)

. . . ...

... . . . . . . 09×9

09×9 . . . 09×9 Blo
N(xk)



(3.15)

with xk := x(k). This model arrangement will be exploited in the following section to

design the proposed sequential PS-MPC control strategy.

3.3. PS-MPC of an M3C

This section formulates the proposed PS-MPC to directly govern the cluster currents

in the double-αβ0 framework and to balance the SM capacitor voltages in a unified and

computation efficient manner. This formulation is not straightforward and is one of the

contributions of this work.

3.3.1. Overall Optimal Control Problem

The main control targets are to balance the SMs capacitor voltages, and to track the

desired references for input, output and circulating currents of the M3C, which can be ex-

pressed via:

x⋆(k) =
[
iαβ0

⋆T
(k) v⋆TC,1(k) . . . v⋆TC,N(k)

]T
(3.16)
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Figure 3.2. PS-PWM operating principle in double update mode for a four-
sub-module arm.

In order to tackle this multi-variable closed-loop objective, the standard quadratic cost func-

tion is used:

J(k) =
∥∥x(k+1)− x⋆(k+1)

∥∥2

Q
+
∥∥u(k)− u⋆(k)

∥∥2

Λ
(3.17)

where u⋆(k) is the required steady-state control input to keep the SMs capacitor voltages

and the transformed cluster currents in the desired steady-state x⋆(k + 1) as per (3.16). The

diagonal matrix Λ = λI9N is used to adjust the compromise between the state tracking error

and the control effort, allowing the dynamic response of the closed-loop system to be modi-

fied (Aguilera & Quevedo, 2015). Moreover, the weighting matrix Q = diag {σ1I8, σ2I9N}

regulates the tracking error of the SMs capacitor voltages versus the cluster currents in the

D-αβ0 framework.

3.3.2. Sequential Average Model of an M3C

This work considers the working principle of a PS-PWM to formulate a sequential PS-

MPC for the M3C. For this converter, N carriers are phase shifted by π/N . Additionally,

in a digital implementation, the control signals δauj , δavj , δawj , δbuj , δbvj , δbwj , δcuj , δcvj ,

and δcwj are updated when its associated carrier vcr,j is at one of its edges (PS-PWM with

double update). After that, these signals remain constant until the next update, which is after
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half of the carrier period (Tc/2). This leads to a sequential control signal update process

as illustrated in Fig. 3.2 for N = 4 sub-modules. Notice that only nine modulating control

signals (one sub-module per cluster) need to be obtained at each sampling instant, Ts =

Tc/(2N). If single-update is considered for the PS-PWM, the duty cycles are updated at

the top or the bottom edges only, so the sampling time changes when updating the last sub-

module to (N + 1)Tc/(2N). Because of these asymmetrical sampling times, the single-

update of the PS-PWM is not commonly used for arms based on H-bridges.

Based on the double update operation of the modulator, it is possible to derive a sequen-

tial model of the M3C from (3.14) by considering at each sampling instant only the “actives”

control signals δj (the ones that needs to be updated) as control input as follows:

uj(k) = δj(k) ∈ D9 (3.18)

and the sequential state vector as:

xj(k) =
[
iαβ0

T
(k) vT

C,j(k)
]T

∈ R17 (3.19)

Consequently, the dynamic model (3.14) can be re-written as:

xj(k + 1)=Ajxj(k) +Bjuj(k) + hj(k) (3.20)

with

hj(k)=EΨ,jv
αβ
Ψ (k) +

N∑
l=1
l ̸=j

Bup
l

09×9

ul(k) (3.21)

where ul contains the “inactive” control signals that have been previously obtained. There-

fore, hj(k) can be seen as a known disturbance for the sequential average model and the
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sequential state, input and grid matrices are:

Aj=

Aup 08×9

09×8 I9

∈ R17×17, EΨ,j=
Ts
L



02×2√
3 0

02×2

0
√
3

011×2


∈ R17×2,

Bj(xj(k)) =

Bup
j (xj(k))

Blo
j (xj(k))

 ∈ R17×9.

(3.22)

3.3.3. Sequential Optimal Control Problem

By adopting the sequential average model in (3.20), the cost function (3.17) can be re-

duced taking into account only the active control signals, leading to the following sequential

cost function:

Jj(k) =
∥∥xj(k+1)− x⋆j(k+1)

∥∥2

Qj
+
∥∥uj(k)− u⋆j(k)

∥∥2

Λj
(3.23)

with

Qj =

σ1I8 08×9

09×8 σ2I9

 ∈ R17×17 and Λj = λI9 ∈ R9×9. (3.24)

Therefore, the optimal PS-PWM active control signals are those that minimize this se-

quential cost function, i.e.:

uopt
j (k) = arg min

uj(k)
{Jj(k)}

s.t. − 19×1 ≤ uj(k) ≤ 19×1

(3.25)

Notice that (3.25) is in fact a box-constrained quadratic programming problem since uj(k) ∈

D
9 ≜ [−1, 1]9 ⊂ R

9. In contrast to previous PS-MPC strategies reported in the literature

(e.g., (Aguilera et al., 2017; Cuzmar et al., 2020; Poblete et al., 2021)), in which suboptimal

solutions are obtained by using the saturated version of the unconstrained solution of (3.25),

this work uses an exterior point active set method based on a Lagrangian function and the
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Figure 3.3. Overall control scheme.

Karush-Kuhn-Tucker conditions to compute optimal duty cycles to be applied by the con-

verter. For further details on the algorithm used in this work, we refer readers to (Baidya

et al., 2020). The proposed optimal approach impacts the system’s performance, especially

during transients, as will be analyzed in the experimental validation of the proposed control

strategy.

3.4. References Design

The overall control strategy is shown in Fig. 3.3. This section aims to obtain the state

references, x⋆j(k), and the steady-state reference, δ⋆j . Considering current of both ports, TEB

and ICB controls.

x⋆j(k) =
[
iαβ0

⋆T
(k) v⋆TC,j(k)

]T
∈ R17 (3.26)

where each element of v⋆C,j(k) is considered constant and equal to v⋆dc. Additionally, the

steady-state control inputs u⋆j(k) = δ⋆j (k) ∈ D9 are also determined in this section.

3.4.1. Input and Output Current Reference

The references for input and output currents are designed in the αβ0-framework. By

considering an active power references for the output system, a symmetric current reference

is obtained:

iαβχ =

√
P ⋆
χ

rL

 sin(ωχt)

− cos(ωχt)

 (3.27)
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where P ⋆
χ is the active power reference. Then, in order to regulate the average energy of

the converter (TEB control), the required input active power P ⋆
Ψ must be the sum of the

desired output active power P ⋆
χ and the power consumed by the M3C, Ploss. This leads to the

following expression for the input current reference:

iαβΨ =
1

vαΨ
2 + vβΨ

2

vαΨ vβΨ

vβΨ −vαΨ

P ⋆
χ + Ploss

Q⋆
Ψ

 (3.28)

The power losses Ploss are obtained by the TEB control, which is composed by a PI

controller as is shown in Fig. 3.3, that allows to regulate the internal energy of the converter

by considering the tracking error of the sum of the capacitor voltage references and the sum

of the capacitor voltage measurements.

Finally, the current references in the D-αβ0 framework for both ports are given by:
i⋆α0

i⋆β0

i⋆0α

i⋆0β

 =
1√
3

iαβΨ
iαβχ

 . (3.29)

3.4.2. Circulating Current Reference

The ICB control considers the energy balance among clusters, designing a proper circu-

lating current. By analyzing the cluster powers and cluster voltages in the D-αβ0-framework

the waveform for the circulating current can be deduced as presented in (Diaz et al., 2017;

Kawamura et al., 2014; Diaz, Cardenas, et al., 2020). In this work, the ICB control intro-

duced in (Diaz et al., 2017) is implemented. Where the circulating currents are given by the

sum of positive and negative sequence in phase with the input-port; and the amplitudes I⋆d 1,

I⋆d 2, I⋆d 3, I
⋆
d 4, I

⋆
d 5, I

⋆
d 6, I

⋆
q 1

and I⋆q 2 are obtained by PI controllers in order to regulate the

cluster imbalance in the D-αβ0-framework as shows Fig. 3.4.

3.4.3. Modulation Index Reference

The modulation index references for each arm is key to obtain a good steady-state per-

formance and a reduced current spectra under the PS-MPC scheme. These references are
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Figure 3.4. Inter-Cluster Balancing control proposed in (Diaz et al., 2017).

generated by considering the system in the desired steady-state, i.e., iαβ0(k) = iαβ0
⋆
(k).

Thus, by substituting the current references into the dynamic model (3.7), it is possible to

calculate the desired steady-state voltages in the αβ0-framework as:
v⋆αα v

⋆
βα v

⋆
0α

v⋆αβ v
⋆
ββ v

⋆
0β

v⋆α0 v
⋆
β0 v

⋆
00

 =
√
3


0 0 0

0 0 0

vαΨ vβΨ 0

− L
d

dt


i⋆αα i

⋆
βα i

⋆
0α

i⋆αβ i
⋆
ββ i

⋆
0β

i⋆α0 i
⋆
β0 0



−r


i⋆αα i

⋆
βα i

⋆
0α

i⋆αβ i
⋆
ββ i

⋆
0β

i⋆α0 i
⋆
β0 0

−
√
3


0 0 vαχ

0 0 vβχ

0 0 0

−


0 0 0

0 0 0

0 0 3vno


(3.30)

Then, by premultiplying by
[
Cαβ0

]T and postmultiplying by
[
Cαβ0

]
, the voltages obtained

in (3.30) can be represented in the original framework:
v⋆au v

⋆
bu v

⋆
cu

v⋆av v
⋆
bv v

⋆
cv

v⋆aw v
⋆
bw v

⋆
cw

 =
[
Cαβ0

]T

v⋆αα v

⋆
βα v

⋆
0α

v⋆αβ v
⋆
ββ v

⋆
0β

v⋆α0 v
⋆
β0 v

⋆
00

[
Cαβ0

]
. (3.31)

Thus, the modulation index are obtained by dividing the desired ac cluster voltage v⋆Ψχ by

the available cluster capacitor voltage:

δ⋆Ψχj =
v⋆Ψχ∑N

l=1 vC,Ψχl
. (3.32)
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Table 3.2. System Parameters for Comparison.

Variable Description Comparison

P Rated power 3 kW
vΨ Input grid voltage (line-to-line rms) 190 V
fΨ Input grid frequency 60 Hz
rL Output resistance 14 Ω

LL Output inductance 1 mH
fχ Output frequency 50 Hz
N SMs per clusters 4
C SM capacitance 987 µF
v⋆dc dc cap. voltage per SM 100 V
L Cluster filter inductance 5 mH
r Cluster filter resistance 0.1 Ω

fcr Carrier frequency 1 kHz

Finally, the input reference u⋆j required by the proposed controller in (3.23) is obtained

by arranging multiple modulation indexes as:

δ⋆j =
[
δ⋆auj δ

⋆
avj δ

⋆
awj δ

⋆
buj δ

⋆
bvj δ

⋆
bwj δ

⋆
cuj δ

⋆
cvj δ

⋆
cwj

]T
. (3.33)

3.5. Control Strategies Comparison

Simulation results have been performed to compare the proposed sequential PS-MPC

strategy performance with existing strategies when governing an M3C connected to a three-

phase system and a passive load. The parameters used for simulations are presented in

Table 3.2.

Two strategies have been considered to compare the proposal, the first control strategy

is the standard PI strategy for the current and LCB control presented in (Diaz et al., 2017,

2019; Kawamura et al., 2014, 2015) and a reduced FCS-MPC strategy (Vazquez et al., 2017).

The PI strategy considers four PIs controllers to control the input and output currents in two

dq-frameworks, four proportional (P) controllers to govern the circulating currents and 36

P controllers to achieve the balance among SMs. The second control strategy is based on a

FCS-MPC strategy (Vazquez et al., 2017). The FCS-MPC considers the feasible SM output



67

voltage, so for a four-SM M3C converter the total states are 39N = 336 ≈ 1.5 × 1017 which

cannot be implemented in a simulation environment, even less in a real application. However,

the total combinations can be reduced by considering the common-mode voltage as a known

disturbance. Therefore, the total combinations are reduced to 9 × 3N = 9 × 34 = 729,

making its implementation feasible, at least in simulation. Nonetheless, the computational

burden of this predictive strategy increases exponentially with the number of SMs of the

converter. As the common-mode voltage is considered as a known disturbance, each cluster

is decoupled in terms of control objectives of the others. In terms of control structure, the

proposed PS-MPC and FCS-MPC strategies present a simpler structure than the PI strategy,

reducing from four PIs and 40 Ps SISO controllers to one MIMO controller. The tuning

process of the predictive strategies is heuristic, considering standard steps. Regarding the PI

controllers, the tuning was made in order to obtain a second-order close-loop response with

a natural frequency of 150 Hz and a damping factor of 0.7071 and the LCB proportional

controllers were tuned with a gain of 0.1.

The comparison of the three strategies is shown in Fig. 3.5 and Fig. 3.6. In steady-state,

all the strategies achieve the references, obtaining balanced input and output currents, and

balanced clusters and SMs with a mean capacitor voltage equal to 100 V as present Fig. 3.5a,

Fig. 3.5b and Fig. 3.5c. However, the proposal achieves a mix of advantages from the other

two strategies, such as, fast dynamic and tracking error response, low harmonic distortion

and scalability.

3.5.0.1. Power Step Change

The comparison in terms of input and output currents are presented in Fig. 3.5a and 3.5b.

In term of the settling time, the dynamic response of the predictive strategies is considerably

faster than the PI strategy. The response of the FCS-MPC and PS-MPC is practically instan-

taneous, in contrast, the PI strategy achieves the input and output current reference after 60

and 25 ms, respectively.
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Figure 3.5. Simulation comparison, FCS-MPC strategy (left), the proposed
sequential PS-MPC strategy (middle) and PI in dq-framework strategy pro-
posed in (Diaz et al., 2017) (right). (a) input currents, (b) output currents,
(c) capacitor voltages, (d) circulating currents tracking error, (e) au-cluster
voltage and (f) au-cluster voltage spectra.

3.5.0.2. Circulating Current Tracking

The circulating current tracking error for the PI strategy is bounded by ±15 A. Never-

theless, the tracking error for the predictive strategies is lower than 5 A, where he FCS-MPC

achieves the best performance (Fig. 3.5d).
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Figure 3.6. Comparison under local-cluster imbalance. Capacitor voltages
of au-cluster with (a) FCS-MPC strategy, (b) sequential PS-MPC proposed
strategy and (c) PI strategy.

3.5.0.3. Cluster Voltages

The au-cluster voltage and its spectrum are presented in Fig. 3.5e and Fig. 3.5f, respec-

tively. The FCS-MPC strategy generates a disperse spectrum around 8 kHz as it does not

have a modulator. On the other hand, the PS-MPC and PI strategies generate a spectrum

centered on 8 kHz and its multiples, which comes from the PS-PWM with 1 kHz carri-

ers (fo,sw = 2Nfcr = 8 kHz). The PI strategy generates the highest cluster voltage THD

(15.16%), while the FCS-MPC strategy has the lowest THD (13.74%). Additionally, the

FCS-MPC strategy has the highest weighted total harmonic distortion (WTHD=1.75%), and

the PI strategy has the lowest WTHD (0.12%). In summary, the proposal considerably re-

duces the WTHD (73% lower than the FCS-MPC), achieving a lower input and output cur-

rent ripple than the FCS-MPC (see Fig. 3.5a and 3.5b), and limiting the frequency spectrum

to a band determined by the PS-PWM.
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Table 3.3. Comparison among the proposed and existing control methods in
steady-state at 3 kW (N = 4).

PI [4] FCS-MPC Proposed

Controller Multiple PI Loops Reduced FCS-MPC Sequential PS-MPC
Cluster coupling consideration No No Yes
Average current tracking error 16.02 % 4.13 % 8.55 %
Average voltage tracking error 2.59 % 2.03 % 2.18 %
Average SM switching frequency 2 kHz 3.6 kHz 2 kHz
Input/output current quality Very good Fair (noisy) Very Good
Input/output current response Slow Fast Fast
Capacitor voltage balance Slow Very fast Fast
Circulating current tracking error High peaks Noisy with very low peaks Noiseless with low peaks
Output voltage THD 15.16% 13.74% 14.73%
Output voltage WTHD 0.12% 1.75% 0.48%
Output voltage spectrum Fixed at 8 and 16 kHz Spread at low frequencies (<12 kHz) Fixed at 8 and 16 kHz
Modulation PS-PWM (1 kHz) None PS-PWM (1 kHz)
Sample time 125 [µs] *60 [µs] 125 [µs]
Scalability effort Low High (exponentially with N) Low
*The sampling time was adjusted in order to obtain an average switching frequency of 8 kHz.

3.5.0.4. Local-Cluster Balancing Control

The performance of the LCB control is shown in Fig. 3.6. At the beginning, the capacitor

voltage references of the au-cluster are set for different values while maintaining its average

voltage of 100 V. At the instant t = 100 ms, the references for all capacitor voltages are

set to 100 V. The FCS-MPC strategy achieves the fastest dynamic response (t = 110 ms),

followed by the proposed PS-MPC (t = 180 ms), and far behind is the classical PI strategy

(t = 475 ms). The PI strategy adjusts the duty cycle per SM using a proportional controller

before the modulation stage. When the duty cycle saturates, its control action is limited.

Unlike the PI, which considers two stages to control currents and balance capacitors, the PS-

MPC controls currents and balances capacitors in a single stage. The formulated PS-MPC

optimizes each duty cycle, adjusting the duty cycle to balance the voltage of the SMs by

considering not only the tracking error of capacitor voltages, but the tracking error of the

current and steady-state duty cycle reference. Therefore, the boundary of the SM balancing

control depends on the tracking errors, the control effort and the weighting factors.

The Table 3.3 summarizes the comparison among the control strategies. The proposed

sequential PS-MPC, against the standard PI strategy, presents a faster dynamic response, a

better cluster current and voltage tracking. The proposal overcomes the FCS-MPC with a
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lower WTHD and a fixed frequency spectrum. Moreover, unlike the FCS-MPC, the compu-

tational burden does not depend of the number of SMs, the predictive model considers the

coupling among clusters and a lower average SM switching frequency. In terms of average

tracking error, the best strategy is the reduced FCS-MPC with a current and voltage error of

0.48 A and 2.03 V, the worst strategy is the PI with a current and voltage error of 1.57 A and

2.59 V. So, the performance of the proposed sequential PS-MPC is a balance between the PI

and FCS-MPC strategies. The differences between the predictive strategies and the PI strat-

egy, in terms of tracking error, is given by capability to track multiple-frequency waveforms

that the predictive strategies have.

Finally, it is important to emphasise that even though FCS-MPC might offer some ben-

efits when compared to the proposed PS-MPC (e.g., fast capacitor voltage balancing), its

disadvantages are substantial: 1) it has a dispersed frequency spectrum that complicates the

design of reactors and filters, in addition to producing random switching losses and low-

order harmonics (it has the highest WTHD) (see Fig. 3.5); 2) it has the highest average SM

switching frequency, leading to a higher power losses than the other strategies (see Table

3.3); and 3) it has a high computational cost that cannot be implemented when the number

of SMs increases (see Section 3.6.3).

These are where the benefits of the proposed PS-MPC can be appreciated, as will be

experimentally validated in the following Section.

3.6. Experimental Results

Experimental results have been performed to analyze and verify the proposed sequen-

tial PS-MPC strategy performance when governing an M3C connected to a three-phase

system and a passive load. The grid-voltage of the first system was generated by a grid-

simulator NHR9410 and the passive load of the second was generated by a regenerative ac

load NHR9430. The predictive control scheme was implemented on an OPAL-RT OP4510

system. The data is acquired by the OPAL-RT software every 62.5 µs and is not post-

processed. The prototype is presented in Fig. 3.7 and the main setup parameters are summa-

rized in Table 3.4. The proposed PS-MPC generates an apparent output switching frequency
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Figure 3.7. 3 kVA experimental prototype

of fo,sw = 2Nfcr = 16 kHz. However, since a double update mode is considered, it results

in a sampling frequency of fs = 32 kHz. Additionally, the PS-MPC was tuned heuristically

with σ1 = 1, σ2 = 0.2 and λ = 20 (Cuzmar et al., 2020; Aguilera et al., 2017), and the

execution time is Te = 7.5 µs.

3.6.1. Steady-State Performance.

The results of the closed-loop steady-state performance are presented in the left side

of the Fig. 3.8. The sequential PS-MPC is able to properly govern the M3C, achieving a

symmetric waveform for the input and the output currents as shown Figs. 3.8a and 3.8b.
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Figure 3.8. Experimental steady-state performance (left), dynamic response
performance under a sudden power change (middle) and dynamic response
under a sudden capacitor voltage change (right). (a) input currents, (b) output
currents, (c) capacitor voltages and (d) circulating current.

Table 3.4. System Parameters for Experimental Results.

Variable Description Fig. 3.8 / Other

P Rated power 5 / 3 kW
vΨ Input grid voltage (line-to-line rms) 380 / 190 V
fΨ Input grid frequency 50 / 60 Hz
rL Output resistance 14 Ω

LL Output inductance 1 mH
fχ Output frequency 60 / 10-59 Hz
N SMs per clusters 4
C SM capacitance 987 µF
v⋆dc dc cap. voltage per SM 150 / 100 V
L Cluster filter inductance 5 mH
r Cluster filter resistance 0.1 Ω

fcr Carrier frequency 2 kHz

Additionally, in Fig. 3.8c, the control strategy successfully regulates the capacitor voltages,

keeping them around the reference of 150 V. Moreover, the circulating currents are properly
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tracked in order to balance the converter clusters and reduce the capacitor voltage ripple.

It is important to mention that this control strategy is able to track any current waveform,

including several frequencies in comparison with other control strategies that uses propor-

tional controllers (Kawamura et al., 2014, 2015; Diaz et al., 2017, 2019). This can be seen

in Fig. 3.8d, where the circulating currents are tracked and they present more than one fre-

quency (references are presented behind in gray).

3.6.2. Dynamic Performance

The results of the closed-loop dynamic response performance are presented in the mid-

dle and right side of the Fig. 3.8. The middle part of Fig. 3.8 corresponds to the dynamic

response of the control strategy under a step change in the power transferred from the input-

to the output-port from 3 kW to 5 kW and the right side is the dynamic response under a step

change in the capacitor voltage reference of each sub-module from 150 V to 170 V.

3.6.2.1. Power Step Change

The dynamic response, in terms of a suddenly power change, is almost instantaneous and

does not present overshoot. The peak value of the input and output currents increase due to

the power step and the speed of the change is fast as it is shown in Figs. 3.8a and 3.8b. In

Fig. 3.8c, the ripple of the capacitor voltages augment because the power step, nevertheless,

the mean value of the capacitor remains constant. Finally, the circulating currents increase

their peak values proportional to the change of the power and, despite the step change, the

tracking error is properly followed as Fig. 3.8d shows.

3.6.2.2. Capacitor Voltage Step Change

The results of the dynamic response under a step change in the capacitor voltages are

presented in the right side of the Fig. 3.8. In terms of capacitor voltage, the dynamic response

is mainly given by the outer PI controller since this PI regulates the inner energy of the

converter which is directly related with the capacitor voltages and this behavior can be seen

in Fig. 3.8c. Additionally, the input current in Fig.3.8a is directly affected by the outer PI

controller because this creates the reference, Ploss, that is used for the reference of the input
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currents. Nonetheless, the output current is not directly affected by the outer PI, the speed of

the stabilization is mainly given by the sequential PS-MPC as is shown in Fig. 3.8b. Finally,

the circulating current reference, in Fig. 3.8d are slightly reduced due to the increment of

the capacitor voltage reference. This occurs because the system is still exchanging the same

energy from input to output and the relation between the energy and the capacitor voltage is

quadratic.

3.6.2.3. Different Output Frequencies Performance

The proposed strategy allows to govern the M3C for different output frequencies, Fig. 3.9

shows experimental results for three different output frequencies (50 Hz, 10 Hz and 59 Hz,

respectively). The illustrated measurements are the phase-a current, the phase-u current,

the au-cluster current, and the output voltage of au-cluster with its frequency domain. The

output current is achieved independent of the frequency. Moreover, the converter is able to

operate close to critical points (0 and 60 Hz). Mitigation currents must be considered in

order to achieve critical points; however, this is not the scope of this proposal. Considering

a carrier frequency of 2 kHz and a PS-PWM modulation, the output voltage spectrum is

centered at 16 kHz, this behavior occurs for the three cases. The phase-a input current

presents a THD of 2.29% and a WTHD of 0.59%. On the other hand, the phase-u output

current has a lower THD and WTHD, which are 0.79% and 0.15%, respectively. These

different behaviors between input and output currents, in terms of distortion, is mainly given

by the PI controller which regulates the average energy of the converter because it directly

affects the reference generation of the input currents.

3.6.2.4. Optimization with Active Constraints

The proposal obtains the optimal duty cycles considering upper and lower constraints,

this is shown in Fig. 3.10 where the operating point of the M3C is set in order to force

the activation of constraints. The constraints are activated by considering a mean capacitor

voltage reference equal to 85 V and forcing a cluster imbalance. The duty cycles generated
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Output Frequency Operation at 50 Hz 

Output Frequency Operation at 10 Hz 

Output Frequency Operation at 59 Hz 

Figure 3.9. Experimental steady-state performance. (Ch 1) output current u,
(Ch 2) input current a, (Ch 3) current au-cluster, (Ch 4) output voltage au-
cluster, and (Math 1) output voltage au-cluster spectrum. (a) output frequency
at 50 Hz, (b) output frequency at 10 Hz, and (c) output frequency at 59 Hz.

by the proposed sequential PS-MPC are always optimal, during transient and steady-state,

feature that standard control strategies are not able to achieve.
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Figure 3.10. Experimental constraints activation under an imbalance condi-
tion. (a) capacitor voltages, (b) control signals and (c) control signals zoom.

3.6.3. Scalability Analysis of PS-MPC

The dimension of the optimal problem solved by the sequential PS-MPC is fixed, inde-

pendently of the number of SMs. By increasing the number of SMs, the expected behavior

in the execution time is a linear increment due to each SM contributes to the output voltage,

but only one is optimized per sampling time. This linear behavior in the execution time was

experimentally proved by the OPAL-RT OP4510. Additionally, the computational burden

of the PI and FCS-MPC as function of the number of SMs is presented in Fig. 3.11. The

execution time of the sequential PS-MPC and the PI strategies increase linearly with the

number of SMs, meanwhile, the increment of the execution time of the FCS-MPC strategy

is exponential, limiting the implementation of the FCS-MPC in real-time applications to a

reduced number of SMs.



78

4 5 6 7 8 9 10 11 12
100

102

104

106

(a)

(b)

0 20 40 60 80 100
4

6

8

10

12

Figure 3.11. Experimental execution time control strategies. (a) PI and se-
quential PS-MPC strategies and (b) FCS-MPC strategy.

0 250 500 750 1000 1250 1500 1750 2000
0

100

200

300

400

500

Figure 3.12. Maximum number of SMs per carrier frequency that the pro-
posal can handle considering the linear execution time presented in Fig. 3.11.

In MMCCs with a large number of SMs for high power and high voltage applications,

the carrier frequency should be set as low as possible to reduce the switching losses. The

sampling frequency of the proposal is given by Ts = 1/(2Nfc). Therefore, in order to

estimate the maximum number of SM per cluster that the proposal can handle as function

of the carrier frequency, it is important to determine the execution time as function of N ,
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which is provided in Fig. 3.11a. Finally, by considering the sampling time equal to the

execution time Tex = Ts = 1/(2Nfc), the maximum number of SM that the proposal is able

to govern as function of the carrier frequency is presented in Fig. 3.12. It is estimated that

the sequential PS-MPC can drive up to 32 SMs per cluster for a carrier frequency of 2 kHz,

and up to 249 SMs per cluster when the carrier frequency is reduced to 125 Hz.

3.7. Conclusion

This chapter proposed the formulation and assessment of a sequential PS-MPC strategy

to govern an M3C. The proposed controller effectively performs the LCB control task and

regulates the input, output, and circulating currents in a single control stage, using an MPC

embedded with the load and control input model directly in the optimization. Furthermore,

by exploiting the PS-PWM working principle, the proposed PS-MPC method updates, at

each sampling instant, only one control signal for every cluster. This significantly reduces

the computational burden of the controller, while making it independent of the number of

sub-modules. Therefore, the PS-MPC can be easily scalable to govern M3C with a large

number of SMs.

As evidenced by the experimental results, the proposed PS-MPC formulation results in a

fast closed-loop dynamic response and effective tracking of the input, output, and circulating

currents. In addition, the proposal considers the control input limits in the optimization

process and obtains the optimal duty cycles during steady-state and transients. Moreover,

the M3C governed by the proposed PS-MPC operates with a fixed switching frequency, low

harmonic distortion, and distributed power losses among power switches.
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Appendix

State Matrix Component of M3C Model

Matrix Aup(k), presented in the M3C model (3.14) and the sequential model (3.22), is

given by:

Aup = diag





1− r
L
Ts

1− r
L
Ts

1− r
L
Ts

1− r
L
Ts

1− r
L
Ts

1− r
L
Ts

1− req
Leq

Ts

1− req
Leq

Ts





(3.34)

where req = r + 3rL and Leq = L+ 3LL.
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Input Matrix Components of M3C Model

Matrix Bup
j (k), presented in the M3C model (3.14) and the sequential model (3.22), is

given by:

Bup
j (k) = −Ts



1
L
vT
C,j(k)Mαα

1
L
vT
C,j(k)Mαβ

1
L
vT
C,j(k)Mα0

1
L
vT
C,j(k)Mβα

1
L
vT
C,j(k)Mββ

1
L
vT
C,j(k)Mβ0

1
Leq

vT
C,j(k)M0α

1
Leq

vT
C,j(k)M0β



(3.35)

where

Mαβ =


cα1diag

(
Cβ

)
03×3 03×3

03×3 cα2diag
(
Cβ

)
03×3

03×3 03×3 cα3diag
(
Cβ

)
 . (3.36)

Moreover, matrix Blo
j (k) is given by:

Blo
j (k)=

Ts
C

diag





Cαβ0 03×3 03×3

03×3 C
αβ0 03×3

03×3 03×3 C
αβ0


T

T


2iαβ0(k)

0


 (3.37)
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with

T =



1 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 1 0 0

0 1 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 1 0

0 0 1 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 0 1



. (3.38)
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CHAPTER 4. CONSTRAINED MPC FOR INTER–CLUSTER ENERGY CONTROL

OF MODULAR MULTILEVEL MATRIX CONVERTERS

4.1. Introduction

Modular multilevel matrix converters (M3Cs) have emerged as an attractive and suitable

alternative to directly interlink two AC systems at medium or high voltage, presenting sev-

eral prominent advantages, such as modularity, scalability, power quality, and fault-tolerant

operation capability (Perez et al., 2015). Some applications of the M3C are low-frequency

AC (LFAC) transmission systems (Al-Tameemi et al., 2020), power-flow control for power

distribution systems (Bravo et al., 2022), medium-voltage static synchronous compensators

(Duran et al., 2020), high-power motor drives (Okazaki et al., 2017), railway power condi-

tioning (Lei et al., 2020), and high-power wind energy conversion systems (WECSs) (Diaz

et al., 2017).

The three-phase M3C, also known as triple-star bridge cell converter (Akagi, 2011), is

characterized by the series connection of sub-modules (SM), usually based on full-bridges

(FB) with floating DC-capacitors, as illustrated in Fig. 4.1. Thus, depending on the voltage

level required by a specific application, the M3C voltage rating can be easily enlarged by

increasing the number of SMs per cluster N . As shown in Fig. 4.1(b), the cluster of N

sub-modules connected in series along with a single inductor L constitute a branch (or arm).

In the M3C, the AC-AC power conversion is directly performed without the need of a

intermediate DC stage, which significantly reduces the voltage oscillations of the SM capac-

itor voltages, compared with Modular Multilevel Converters (M2C), when the frequency on

the output side is low (around units of Hz) (Fan et al., 2018b; Kawamura et al., 2015). Con-

sequently, lower circulating currents and common-mode voltage (CMV) are required to mit-

igate the capacitor voltage oscillations compared with those required in the M2C (Okazaki et

al., 2017; Kawamura et al., 2015). This advantage makes the M3C a promising topology for

high-power variable-speed drives, such as medium-voltage motor drives (Fan et al., 2018b),

offshore wind-power generations (Diaz et al., 2017), and LFAC transmission systems (Miura
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et al., 2013). Moreover, and in contrast to the back-to-back-M2C topology, the control sys-

tem driving the M3C can still be extended when the converter operates with lower branches

(Kucka et al., 2015).

M3Cs require many passive and active components to process electrical power, as shown

in Fig. 4.1. Consequently, these converters must govern not only external variables at their

input and output ports, but also multiple internal ones. Thus, the required multivariable

control scheme is normally accomplished by using various control loops, some coupled to

each other and others uncoupled, making them challenging design and implement. Among

the control tasks to be performed, the SM capacitor voltages regulation is fundamental to

achieve a high-performance current control system, improving power quality in terms of

reactive power and harmonics. Usually, the SM capacitor-voltages regulation is performed

by implementing four control processes (Kawamura et al., 2014; Fan et al., 2018a; Diaz,

Cardenas, et al., 2020; Urrutia et al., 2022):

(1) Total Energy Balancing (TEB) Control. Regulate the energy stored in all capacitors

to the desired level by transferring power to or from the AC ports.

(2) Inter-Cluster Balancing (ICB) Control Distributes the power of the M3C among

all its clusters, determining the imposition of internal command signals for the CMV and

the circulating currents, without affecting the AC ports. However, the ICB should generate

minimal circulating currents to increase the efficiency and power density of the converter.

(3) Low-frequency Oscillations (LFO) Mitigation Mitigates large oscillations in SM ca-

pacitor voltages by injecting CMV and circulating currents with high harmonic. It is required

only at the critical points of operation, when the M3C operates at a very low frequency, but

most acutely when these frequencies approach or equal (Diaz et al., 2019).

(4) Local-Cluster Balancing (LCB) Control Locally regulates the capacitor voltage of

each SM in each cluster. It is usually implemented at the modulation stage.

Recently, nested control systems based on decoupled modelling of the M3C topology

have been proposed in the literature to enable a decoupled control of input, output, and

circulating currents in M3Cs (Karwatzki & Mertens, 2018a; Urrutia et al., 2021). In this

regard, the control actions of each decoupled system do not interfere with each other, which
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enables performing the ICB control and the LFO mitigation without affecting the external

control systems. One of the most utilized decoupling mappings is the, so-called, double-αβ0

transformation (Kawamura et al., 2014). Based on this decoupled modelling, four indepen-

dent current paths for the M3C can be established (circulating currents), and their command

signals are typically determined by the ICB and LFO controllers.

Most of the ICB control strategies reported in literature define a set of specific sinusoidal

components of known frequencies and phases for the circulating currents. However, the

amplitudes of these components are hard to compute and optimize. For that reason, they are

typically determined using open- and closed-loop strategies (Diaz et al., 2019; Kawamura

et al., 2014; Diaz et al., 2017; Karwatzki & Mertens, 2018a). For instance, in (Diaz et al.,

2019, 2017) multiple PI controllers implemented in several synchronous reference frames

are used to determine the amplitudes of the set of pre-defined sinusoidal components for the

circulating currents. In (Fan et al., 2018), a branch current reallocation is proposed using a

theoretical analysis to find an energy equilibrium of the M3C. Recently, a control approach

based on continuous control set MPC (CCS-MPC) to obtain the optimal circulating current

references in the transformed space (four independent current paths for the M3C) for a given

CMV was introduced in (Urrutia et al., 2022). This control strategy is formulated to perform

the ICB and LFO control tasks in a unique control algorithm since it requires only one

penalty cost to be adjusted. However, although this method ensures regulation of the cluster

energies, the resulting branch currents could be detrimental during transients, violating the

maximum rated current in each branch since the output constraints are not included in the

CCS-MPC formulation. Overcurrents are a critical issue for SMs, and consequently, an

unconstrained MPC strategy is not suitable to achieve a safe M3C operation.

Motivated by the above mentioned concerns, this work proposes a circulating-current

reference generator based on a constrained MPC to perform the ICB control task in M3Cs.

The contribution and novelty of the proposal rely on the complete formulation of an optimal

control problem to generate the circulating current component in every branch, leading to

box-constrained quadratic programming. Furthermore, the inclusion of bound constraints



86

1 2 3 

4 5 6 

7 8 9 

(b)(a)

SM

(c)

Cluster

SM

SM

M3C

Branch

Figure 4.1. The M3C topology: (a) circuit diagram and directed graph; (b)
N -cell cluster; and (c) full-bridge-based submodule.

on the decision variables allows for obtaining the optimal circulating currents in a computa-

tionally efficient manner, enabling the operation of the M3C even during critical frequency

points and significant power steps at the output port while maintaining every cluster current

within its feasible limits. Moreover, with the proposed control strategy, the safe operation

of the M3C does not depend on the controller tuning since it is directly included as bound

constraints in the optimal control problem.

Experimental results are provided to verify the performance and effectiveness of the pro-

posal, showing a fast dynamic response, an effective ICB regulation for a wide frequency

range, and an adequate computational burden for a single centralized multivariable con-

troller.

4.2. The M3C

To introduce the MPC-based ICB control, the model of the M3C is firstly presented. To

do so, let us consider the set of nine branches K = {1, . . . , 9}, a set of three phases (or

nodes) at the input-side of the converter, Ψ = {a, b, c}, and another set of three nodes at the

output-side, χ = {u, v,w}. Thus, the M3C can be represented as a directed graph where

each branch connects one input-port node to an output one, as illustrated in Fig. 4.1(a). The

branch currents are comprised in the vector is =
[
i1 · · · i9

]T ∈ R
9 and the input- and



87

output-port currents are defined as iΨ = [ia ib ic]
T and iχ = [iu iv iw]

T, respectively. On

the one hand, by inspecting the circuit topology in Fig. 4.1(a), it is possible to establish the

following relationship between the branch, and the input- and output-currents:

iΨ
iχ

 =



1 1 1 0 0 0 0 0 0

0 0 0 1 1 1 0 0 0

0 0 0 0 0 0 1 1 1

−1 0 0 −1 0 0 −1 0 0

0 −1 0 0 −1 0 0 −1 0

0 0 −1 0 0 −1 0 0 −1


︸ ︷︷ ︸

:=A

is. (4.1)

where A ∈ R6×9 is the incidence matrix of the directed graph.

By applying the standard (amplitude-invariant) Clarke transformation (Akagi et al., 2017),

namely Tαβ0, the input and output currents can be mapped to the αβ0 space as:iαβ0Ψ

iαβ0χ

 =

Tαβ0 0

0 Tαβ0


︸ ︷︷ ︸

:=P

iΨ
iχ

 (4.2)

Thereby, by using (4.1) and (4.2), the following linear map can be stated for the branch and

external currents in the αβ0 space: iαβ0Ψ

iαβ0χ

 = PA︸︷︷︸
:=A′

αβ0

is. (4.3)

In (4.3), the third and last rows establish that the zero-sequence components satisfy i0Ψ =

−i0χ. Thus, the last row of matrix A′
αβ0 = PA can be removed in the subsequent, and the

resulting matrix is denoted as Aαβ0 ∈ R
5×9. Therefore, the input and output currents in the

αβ frame, i.e., iαβΨ = [iαΨ iβΨ]
T and iαβχ = [iαχ iβχ]

T, and the zero-sequence current i0=i0Ψ can

be expressed as:
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
iαβΨ

i0

iαβχ

 = Aαβ0 is. (4.4)

On the other hand, as shown in Figs. 4.1(b)-(c), the voltage synthesized by each cluster

is vκ =
∑N

j=1 uκjvCκj , where uκj ∈ {−1, 0, 1} and vCκj are the switching state and the

capacitor voltage of the jth SM in the kth cluster. Thus, by considering the Kirchhoff’s

voltage law for the nine branches, the dynamic model is expressed as:

AT

vΨ

vχ

 = L
dis
dt

+Ris + vs − 19×1von, (4.5)

where vs =
[
v1 · · · v9

]T ∈ R
9 is the cluster voltage vector, vΨ = [va vb vc]

T and vχ =

[vu vv vw]
T are the input- and output-voltage vectors, von is the voltage between the neutral

points, and L and R are the inductance and resistance of the branch filter, respectively.

4.2.1. The circulating currents and the decoupling map

The control system proposed in this work injects a circulating current component in each

cluster, namely iκz, to compensate for possible cluster energy deviations and low-frequency

oscillations in the SM-capacitor voltages. These additional branch currents represent the first

degrees of freedom to deal with the ICB control and LFO mitigation tasks. Therefore, the

total current in every cluster can be expressed as:

iκ = iκΨχ + iκz , ∀κ ∈ K (4.6)

where iκΨχ is the current flowing in the branch when null circulating currents (namely basic

branch current). It only depends on the external port currents. For instance, the basic current

for the first branch in Fig. 4.1(a) is i1au = 1
3
(ia − iu).

Now, the additional branch currents iκz can be grouped in the following vector:

iz =
[
i1z . . . i9z

]T
∈ R9 (4.7)
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It is worth remarking that, the additional branch currents in (4.7) must satisfy the nullspace

condition, i.e., {iz ∈ R
9 |Aiz = 0}, to be considered as circulating current components.

Therefore, for any injected branch currents iz satisfying the nullspace condition, the input

and output currents are not affected, achieving a decoupled control of the converter. More-

over, since the nullity of incidence matrix A is four, only four independent internal current

paths, namely circulating currents, can be established for the converter. Thus, vector iz can

be rewritten as a function of the standard circulating current vector iε = [iε1 · · · iε4]T ∈

R
4 as:

iz = Niε, (4.8)

where N = [n1 . . .n4] ∈ R
9×4 is the nullspace matrix of A. This matrix is not unique (see

(Urrutia et al., 2021)). However, in this work, the following null space matrix is used:

N =



1 1 1 1

−1 0 −1 0

0 −1 0 −1

−1 −1 0 0

1 0 0 0

0 1 0 0

0 0 −1 −1

0 0 1 0

0 0 0 1



. (4.9)

Noting that the column vectors of N defined in (4.9) describe the four independent cur-

rent paths shown in Fig. 4.2 and every branch is affected by at least one circulating current.

Moreover, from (4.8), the circulating currents iε can be rewritten in term of the additional
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Figure 4.2. Four circulating current paths in the M3C.

branch currents iz as:

iε =
1

9


1 −2 1 −2 4 −2 1 −2 1

1 1 −2 −2 −2 4 1 1 −2

1 −2 1 1 −2 1 −2 4 −2

1 1 −2 1 1 −2 −2 −2 4


︸ ︷︷ ︸

:=N†

iz (4.10)

being N†, the Moore–Penrose inverse of matrix N.

For all that, the linear map T : R9 → R
9 defined in (4.11) is used in this work to decouple

the control of the input iαβΨ , output iαβΨ , circulating iε, and zero-sequence current i0.

i′s =



iαβΨ

i0

iαβχ

iε


=

Aαβ0

N†


︸ ︷︷ ︸

:=T

is (4.11)
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Therefore, a decoupled model for the input, output, and circulating currents is obtained by

applying the linear map T to (4.5). This model together with the decoupling mapping T are

presented in detail in the Appendix.

4.2.2. Energy–Circulating–Current Model of the M3C

To deal with the ICB control, the cluster energy ECκ is used as the variable to be con-

trolled. From the circuit diagram shown in Fig. 4.1(b), the κth cluster energy can be ex-

pressed as ECκ =
1
2
C
∑N

j=1 v
2
Cκj , where C is the average SM’s capacitance. By introducing

the cluster energy vector, i.e.,

EC =
[
EC1 . . . EC9

]T ∈ R9, (4.12)

the following dynamic model can be stated:

d
dt
EC =

[
diag{vs}

]
is. (4.13)

It is worth remarking that, each capacitor should be regulated to the same average voltage

V ∗
C for the proper operation of the M3C. Therefore, the ICB condition can be achieved by

directly controlling the average value of every component of EC to the desired value E∗
C =

1
2
CNV ∗2

C .

To explicitly model the influence of the circulating currents iε on the cluster energy

vector, the decoupling transformation is applied to (4.13). Moreover, by neglecting the filter

voltage drop in (4.5), the continuous-time model for the cluster energy in the transformed

space, E′
C = TEC , can be expressed by:

d
dt
E′
C = TVsT

−1︸ ︷︷ ︸
:=V′

s

i′s (4.14)

where Vs is a 9× 9 diagonal matrix defined as:

Vs = diag

ATP−1

vαβ0Ψ

vαβ0χ

+ 19×1von

 (4.15)
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The ICB condition is fulfilled when the transformed cluster energy vector operates at the

following point:

E′∗
C = TE∗

C19×1 =
[
0 0 3E∗

C 0 0 0 0 0 0
]T

(4.16)

In (4.16), the third component in E′∗
C is related to the total stored energy in the capacitors of

the M3C. Moreover, from the third row in (4.14), the dynamic model of EC0 is given by:

d
dt
EC0 =

1

2

(
vαΨi

α
Ψ + vβΨi

β
Ψ

)
+

1

2

(
vαχi

α
χ + vβχi

β
χ

)
+

1

3
vs0i0. (4.17)

As shown in (4.17), EC0 depends on the total power flowing into the converter but not on

the circulating currents. Hence, EC0 can be regulated by the TEB controller. Consequently,

from the ICB control point of view, the remaining eight components in E′
C are the variables

to be controlled. They are comprised in the imbalance vector ∆E′
C ∈ R

8, and the ICB

condition is now fulfilled when ∆E′
C → 0.

Thus, by eliminating the third raw in V′
s = TVsT

−1, and denoting the resulting matrix

as VΨχε ∈ R8×9, the dynamic energy model (4.14) can be explicitly rewritten in terms of the

circulating current vector iε as:

d
dt
∆E′

C = VΨχ


iαβΨ

i0

iαβχ

+Vεiε, (4.18)

where VΨχ ∈ R
8×5 and Vε ∈ R

8×4 are the submatrices in VΨχε =
[
VΨχ Vε

]
. They are

defined in details in the Appendix.

4.3. Proposed MPC-based ICB control

The energy–circulating-current model shown in (4.18) represents a time-varying system

in which the circulating currents iε can be considered as the control action. The time-varying

matrix Vz depends on the input- and output-voltages and also on the injected CMV vs0

[see (4.35),(4.36) at the Appendix]. Hence, the energy–circulating-current model (4.18) is

a highly coupled dynamical system since each circulating current component affects more
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than one element of ∆E′
C , making difficult to design a suitable control strategy to balance

the energy among all clusters. In addition, the number of circulating currents is smaller than

the number of variables to be controlled. Therefore, from a control point of view, the system

described by (4.18) represents a very challenging dynamic system.

4.3.1. MPC formulation for online reference generator

To introduce the proposed MPC-based ICB control, a discrete-time version of (4.18) is

determined first. Thus, by using the Forward Euler method with a sampling period Ts, the

following discrete-time model is obtained:

∆E′
C(k+1) = b(k) +B(k)iε(k), (4.19)

where B(k) = TsVε(k) and b(k) = ∆E′
C(k) + TspΨχ0(k), being

pΨχ0(k) = VΨχ(k)


iαβΨ (k)

i0(k)

iαβχ (k)

 . (4.20)

In contrast to the controller introduced in (Urrutia et al., 2022), in this work, the optimal

control problem underlying the ICB controller is stated to directly compute the additional

branch currents iz∈R9 introduced in (4.7). To do so, the circulating current vector iε∈R4

is replaced in (4.19) by iz, using (4.10). Therefore, to determine the optimal circulating

current components in each branch i⋆z, the following constrained optimal control problem is

proposed in this work:

min
iz

J =
∥∥∆E′

C(k+1)
∥∥2

Q
+ λz

∥∥iz(k)∥∥2

2
(4.21a)

s. t. ∆E′
C(k+1) = b(k) +B(k)N†iz(k) (4.21b)

ILκ(k) ≤ iκz(k) ≤ IUκ(k) ∀κ ∈ K (4.21c)

where ILκ(k) and IUκ(k) are the lower and upper bound for the circulating current compo-

nent in the κth cluster, respectively. These are time-varying limits since they depend on the

command signals for the input and output currents, i.e., i⋆Ψ and i⋆χ, respectively, and also on
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Figure 4.3. Overall control scheme.

the tolerable branch over-current limit, namely Imax. Consequently, according to (4.6), the

upper and lower bounds for the κth circulating current component iκz are computed from:

−Imax ≤ i⋆κΨχ + iκz ≤ Imax (4.22)

Therefore, the upper and lower bounds utilized by the controller are computed by:
IUκ(k) = Imax − 1

3

(
i⋆Ψ(k)− i⋆χ(k)

)
ILκ(k) = −Imax − 1

3

(
i⋆Ψ(k)− i⋆χ(k)

) (4.23)

where i⋆Ψ and i⋆χ are the input and output current references on the κth cluster. They are de-

termined by the high-level control systems and the TEB controller, as illustrated in Fig. 4.3.

The cost function presented in (4.21a) penalizes the predicted tracking error weighted by

the diagonal matrix Q = diag{q1, · · · , q8}, and the control effort, which in this case are the

circulating current components in each cluster iκz. Therefore, the non-negative scalar λz > 0

is a tuning parameter that adjusts the trade-off between the tracking accuracy and the control
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effort. The latter is proportional to the power losses produced by the circulating currents and

must be reduced as much as possible.

It is worth remarking that certain components in b(k) and B(k) in (4.19) rely on the

CMV (see matrices VΨχ and Vε in the Appendix). Thus, the proposed ICB controller can

incorporate a specified CMV reference, denoted as v⋆s0, into the discrete-time model, allow-

ing for the use of any CMV generator in combination with the proposed ICB controller.

4.3.2. Box-constrained optimal control problem

Based on (4.22), the bound constraints in (4.21c) can be compactly rewritten as:

IL(k) ≤ iz ≤ IU(k) (4.24)

where the upper and lower current vector are defined as

IU(k) = [IU1(k) IU2(k) . . . IU9(k)]
T (4.25)

IL(k) = [IL1(k) IL2(k) . . . IL9(k)]
T (4.26)

Therefore, if we define G(k) = B(k)N† ∈ R8×9, the optimal circulating current compo-

nents can be obtained by solving the following constrained optimal control problem:

i⋆z = argmin
iz

{∥∥G(k)iz + b(k)
∥∥2

Q
+ λz

∥∥iz∥∥2

2

}
(4.27a)

s. t. IL(k) ≤ iz ≤ IU(k) (4.27b)

This problem is known as a box-constrained quadratic programming (QP), which in-

volves minimizing a quadratic cost function subject to bounds on the decision variables.

One key property of this problem is that the Hessian matrix associated with the cost function

in (4.27a), i.e., H = GTQG + λzI is symmetric positive definite for any λz > 0, which

guarantees the existence of a unique solution.

To efficiently solve the optimal control problem introduced in (4.27), various iterative

algorithms have been proposed in the literature (Boyd & Vandenberghe, 2004; Bertsekas,

2015). In this work, we adopt an exterior point active set method based on a Lagrangian
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function and the Karush-Kuhn-Tucker (KKT) conditions. This approach has been shown to

be effective for solving box-constrained QP problems. For further details on the algorithm

used in our work, we refer readers to (Baidya et al., 2020).

Once the optimal circulating current components are determined by solving (4.27), the

current reference for each branch is finally computed as:

i⋆κ = i⋆κΨχ + i⋆κz , ∀κ ∈ K (4.28)

It is worth to emphasize that the solution provided by MPC-based ICB controller does

not impose pre-define harmonic components on the circulating currents. However, it com-

putes instantaneous circulating currents to minimize the (weighted) magnitude of the energy

imbalance vector, i.e., ∥∆E′
C∥Q.

In contrast to (Urrutia et al., 2022), where the weighting factor associated with the control

action must be carefully tuned to obtain feasible circulating current references, the proposed

ICB controller can determine the circulating current references by explicitly considering the

available current in each converter branch as bound constraints in the problem formulation,

enabling the ICB controller to be an effective and safe circulating current generator. Hence,

with the proposed controller, the inner controllers always receive feasible branch current

references i⋆κ for any λz > 0.

The overall control scheme is illustrated in Fig. 4.3. As shown, the external control sys-

tems provide the input and output current references to fulfill the requirements of a specific

application. Additionally, in the outer loops, the TEB controller defines an active current

component (from the input port) required to balance the overall M3C’s energy. The circulat-

ing current references and the CMV to be injected are determined by the ICB and LFO con-

trollers, respectively. Finally, once the cluster current references are computed using (4.28),

the inner control loop performs both the LCB control and regulates the branch currents of

the M3C.
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M3C

Measurements

Controller

Figure 4.4. Experimental setup with a downscale M3C prototype of 36 SMs.
Table 4.1. System Parameters for Experimental Results.

Parameter Value

Line-to-line Input voltage, Vg 190 V
Input grid frequency, fΨ 60 Hz
Branch over-current limit, Imax 15A
Output resistance, RL 14 Ω
Output inductance, LL 1 mH
SMs per clusters, N 4
SM capacitance, C 987 µF
SM’s Nominal DC voltage, Vdc 100 V
Cluster filter resistance, R 0.1 Ω
Cluster filter inductance, L 5 mH
PS-PWM carrier frequency, fcr 2 kHz
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Figure 4.5. Experimental performance for the variable-frequency test. Out-
put frequency at 1 Hz (a), 50 Hz (b), and 60 Hz (c). Top graph: capacitor
voltages. Bottom graphs (oscilloscope waveforms): iu (Ch 1), ia (Ch 2), iau
(Ch 3), vs0 (Ch 4), vua (Ch 5), and iav (Ch 6).

4.4. Experimental Results

Experimental results have been performed to analyze and verify the proposed strategy

performance when governing an M3C prototype with 4 SMs in each branch (36 SMs in

total) connected to a three-phase system and a passive load, as shown in Fig. 4.4. The grid-

voltage was generated by a regenerative grid-simulator (NHR9410) and the passive load was

implemented by a regenerative ac load (NHR9430). The setup parameters are summarized

in Table 4.1. The predictive control scheme was implemented on an OPAL-RT OP4510 as

well as the box-constrained algorithm with λz = 0.2.
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4.4.0.1. Variable Output Frequency Performance

In this test, the input frequency is fixed at 60 Hz, and the output power is set at 3 kW

and 500 VAr. In contrast, the output frequency presents the following pattern. Initially, it is

fixed at 1 Hz for 3.3 seconds to increase suddenly to 50 Hz, a frequency at which it is also

maintained for 3.3 seconds. Finally, another step in the output frequency takes it to 60Hz,

bringing the system to the equal-frequency mode, which is one of the most challenging

operating points of this MMC topology.

The experimental close-loop results considering variable output frequencies are depicted

in Fig. 4.5. In this figure, on the one hand, the capacitor voltages are plotted directly from

the data obtained from ADCs. On the other hand, the input, output and branch current (ia,

iu, and iau, respectively), as well as the cluster voltage vau, and the injected CMV vs0, are

registered directly from the oscilloscope, showing a close-up during each subinterval.

In the first and second intervals (i.e., 1 Hz and 50 Hz at the output) it is not necessary

to apply CMV, which represents a great advantage of the method since it only requires the

limited injection of CMV during equal frequency mode. As shown in the Ch4 of Fig. 4.5(c),

the injected CMV is a sinusoidal signal 50 Vrms at 180 Hz. However, any CMV generator

which ensure mitigation during equal frequency mode can be used. Moreover, as depicted in

Fig. 4.5, the input, output, and branch currents, as well as capacitor voltages are controlled at

100 V, even when operating at critical operating points (low frequency at the output or equal

frequency mode). The waveform of each of the signals shown in Fig. 4.5 allows checking

the performance of the reference generation over the entire frequency range.

Furthermore, to evaluate the steady-state performance, the root mean squared error of the

capacitor voltages, denoted as ∆VC , is explicitly added in Fig. 4.5 for the three frequencies

tested (∆VC = {4.43, 2.19, 3.45}). These values are obtained by computing the average of

the squared errors of all SM capacitor voltages during one second, i.e.,

∆VC =
1

9N

9∑
κ=1

N∑
j=1

√√√√ 1

NP

Np∑
k=1

(vCκj(k)− V ∗
C)

2 (4.29)

where the number of sampled data in one second is Np = 1/Ts = 16, 000.
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Figure 4.6. Experimental results under imbalance cluster energies: (a) per-
formance of the reference generator introduced in (Urrutia et al., 2022), and
performance of the proposed ICB-MPC with static (b) and dynamic (c) upper
and lower bounds for i⋆κz.

The capacitor voltage fluctuations presented in Fig. 4.5 achieve a maximum voltage de-

viation of 14%. These oscillations occur when the M3C operates near or in the critical points

(0 or 60 Hz), which are expected to be higher than those when it works far from the criti-

cal points. Multiple factors impact the capacitor voltages’ oscillations, such as capacitance,

CMV, and input and output frequencies, among others. The CMV is also fundamental for

mitigation when the M3C operates at a critical point. Therefore, an alternative CMV gen-

erator would mitigate the capacitor voltage fluctuations differently under acute conditions.

Nevertheless, both the impact of these voltage fluctuations on the capacitor’s life span and

the generation of optimal CMV are out of the scope of this work.

4.4.0.2. Cluster Imbalance Control

This section will discuss the dynamic behaviour of the controlled system under a sce-

nario of cluster energy imbalance. The voltage at the input port is set to 190 V at 60 Hz;
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meanwhile, the output operates at 200V and 50 Hz with 3 kW and 500 VAr. No CMV is

required.

Moreover, the performance of the proposed MPC-based circulating current references

generator is compared to the one introduced in (Urrutia et al., 2022). In this regard, three

experiments were performed in the downscale converter prototype initially operating unbal-

anced around ±30% of the nominal voltage value. For the sake of a fair comparison, the

controllers weighting factors are adjusted to obtain the same closed-loop dynamic response.

The results obtained from this experiment are shown in Fig. 4.6. On the one hand,

the performance of the reference generator introduced in (Urrutia et al., 2022) is shown

in Fig. 4.6(a). As shown, after 500 ms with the unbalance in the capacitor voltages, the

generation of circulating current references in the transformed space, i.e., i⋆ε, is activated

to perform the ICB control, reaching the balance operating condition shortly but injecting

branch currents over the current limit, set as 15A. In this case, the branch currents reach a

peak value of 30A (corresponding to an overcurrent of 100%). In addition, the input and

output currents are highly impacted by the activation of the ICB controller, as shown in the

second row of Fig. 4.6(a).

On the other hand, the proposed MPC-based ICB controller, which explicitly includes the

current limits into the underlying optimal control problem to determine the branch circulating

current components iz, is implemented considering two options for the upper and lower

bounds of the circulating branch currents. The first one establishes a fixed or static current

limit of 4A for the circulating branch currents amplitude. As shown in Fig. 4.6(b), despite the

inter-cluster energy balance being reached 100 ms later than the previous test, the maximum

current for the circulating branch currents is certainly limited to the established value during

the transient.

Finally, in order to use the entire current margin between the current needed to supply

the load and the tolerable branch over-current limit of the SMs, namely Imax = 15A, a test

is performed by using the upper and lower bounds introduced in (4.23). The experimental

result in Fig. 4.6(c) shows that the dynamic response of the capacitor voltages is similar to

the one obtained with the controller introduced in (Urrutia et al., 2022). However, branch
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currents during the transient always fulfill the over-current limit. Also, during the activation

of the proposed reference generator at instant 500 ms, the input and output currents are not

affected as much as the first case (Fig. 4.6(a)) and the settling time is between (a) and (b).

It is important to mention that in (Urrutia et al., 2022), the circulating current reference

might be unfeasible (physically unfeasible) for inner controllers due to the optimization does

not consider any restriction. Nevertheless, the design of the proposed ICB-MPC considers

suitable upper and lower restrictions, avoiding unfeasible current references. Hence, the

inner controllers always receive feasible current references. The experimental results show

the proposed controller outperforms the one introduced in (Urrutia et al., 2022).

Notice that the upper and lower bounds in (4.23) allow to limit the branch current to 15A

while balance the cluster energies Fig. 4.6(c). Meanwhile, the converter operates in a sub-

optimal condition during the transient if fixed bounds are apply to the circulating currents

Fig. 4.6(b), cause does not use all the available branch current to balance the cluster energies.

Finally, if no constraints are apply, the converter operates with branch currents over the desire

limits (15A) Fig. 4.6(a).

4.4.0.3. Power Step Change

Finally, a step-change from 2 kW to 3 kW in the active power reference is performed.

This test sets the input and output frequencies to 60 Hz and 50 Hz, respectively. The ex-

perimental close-loop result is shown in Fig. 4.7. Here, the upper and lower bounds for the

circulating current components vary after the active power step-changed is applied at 300

ms, reducing the margin to inject circulating currents in the branches. This behaviour is

expected since the basic branch current increases as the active power increase [see (4.6)].

Furthermore, as shown in Fig. 4.7(c) and (d), neither the circulating branch current compo-

nent nor the branch currents saturate at any time.

4.4.0.4. Scalability Analysis of the proposed ICB-MPC

To analyse the scalability of the proposed circulating current reference generator, the

floating point operations per second (FLOPS) required to obtain the unconstrained optimal
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Figure 4.7. Power step performance: input (a) and output (b) currents in ro-
tating dq frames, circulating branch current with their bounds (c), and the
total branch currents (d).

solution of the proposed optimal control problem (4.27) is presented first. In this regard, the

unconstrained solution is given by:

iucz (k) = −H−1(k)F(k) (4.30)
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with

H(k) = G(k)TQG(k) + λzI9

F(k) = G(k)TQb(k)
(4.31)

The matrices in (4.30) and (4.31) have fixed dimensions and do not depend on the number

of SMs. Thus, the FLOPS required to compute the matrix operations in (4.30) and (4.31) is

4516.

Nevertheless, the dependency of the FLOPS on the number of SMs lies in the calculation

of the total energy of each cluster ECκ = 1
2
C
∑N

j=1 v
2
Cκj , whose expression requires 2N

FLOPS per cluster.

Therefore, the total FLOPS required to obtain the unconstrained optimal solution (4.30)

can be expressed by:

FLOPS =
(4516 + 18N)

Ts
. (4.32)

In addition, the processing time was measured experimentally to address the influence

of the exterior point active set algorithm on the computational burden. The experimental

execution time of the proposed ICB-MPC in the OPAL-RT OP4510 has an average value of

1.54 µs, with a minimum of 1.5 µs (for steady-steady when the limits are not violated and

the unconstrained solution provide the optimal one), and a maximum value of 2.22 µs. This

maximum processing time considers the time required by the exterior point active set method

to solve the proposed box-constrained QP in (4.27) and occurs for transients when limits are

reached. Thus, considering (4.32) with N = 4 cells, the control approach requires approxi-

mately 108 MFLOPS (2.22/1.5 · 73408000 FLOPS) for the downscale converter prototype

depicted in Fig. 4.4.

The OPAL-RT OP4510 is is equipped with an Intel Xeon Processor E3-1565L v5. With

four cores, this processor is capable of executing 89.6 GFLOPS. Based on this estimation,

the proposed ICB-MPC can handle approximately 209000 cells with a sampling frequency

of 16 kHz. However, it is important to note that this calculation does not take into account

the computational burden of the inner control loop, which means that the maximum number

of SMs will be lower than 209000.
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4.5. Conclusions

This chapter presents a constrained MPC strategy to perform the inter-cluster balancing

control task for modular multilevel matrix converters. In addition, this chapter comprehen-

sively derives an energy-circulating-currents model using a decoupling mapping based on the

nullspace of the converter topology’s incidence matrix. Based on this model, a constrained

optimal control problem is formulated, where the inclusion of current constraints as bounds

on the decision variables allows obtaining the optimal circulating currents in a computation-

ally efficient manner. As a result, the proposed reference generator effectively balances the

energy among all the clusters of the converter while maintaining every branch current within

its feasible limits, even during severe imbalance levels and also for steady-state challenging

operating conditions, such as equal-frequency mode.

The proposed MPC-based ICB controller has been experimentally validated using a M3C

prototype of 36 SMs. The presented results show that the proposed control scheme outper-

forms a similar MPC controller recently introduced in the literature, making it possible to

take full advantage of the circulating currents injection. At the same time, the safe opera-

tion of the M3C is guaranteed with the proposed control strategy since it does not depend

on the controller tuning. Future work may consider the stability analysis of the proposed

MPC-based ICB controller.

Appendix

The decoupling mapping presented in (4.11) is defined as:

T =
1

9



6 6 6 −3 −3 −3 −3 −3 −3

0 0 0 3
√
3 3

√
3 3

√
3 −3

√
3 −3

√
3 −3

√
3

3 3 3 3 3 3 3 3 3

−6 3 3 −6 3 3 −6 3 3

0 −3
√
3 3

√
3 0 −3

√
3 3

√
3 0 −3

√
3 3

√
3

1 −2 1 −2 4 −2 1 −2 1

1 1 −2 −2 −2 4 1 1 −2

1 −2 1 1 −2 1 −2 4 −2

1 1 −2 1 1 −2 −2 −2 4



(4.33)
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The decoupled model is:

L
d
dt
iαβΨ +RiαβΨ = −vsΨ + 3vαβΨ (4.34a)

L
d
dt
i0 +Ri0 = −vs0 + 3vΨ0 − 3vχ0 + 3von (4.34b)

L
d
dt
iαβχ +Riαβχ = −vsχ + 3vαβχ (4.34c)

L
d
dt
iε +Riε = −vsε (4.34d)

where vsΨ =
[
vαsΨ vβsΨ

]T and vsχ =
[
vαsχ vβsχ

]T are the input and output cluster voltage

in the αβ frame, vsε =
[
vε1 vε2 vε3 vε4

]T is the internal (circulating) cluster voltage, and

vs0 = 1
3

∑
κ∈K vsκ is the CMV imposed by the cluster. These cluster voltage vectors are

determined using v′
s = Tvs.

As shown in (4.34), the transformed cluster voltages vsΨ, vsχ, and vsε only impacts

on the input iαβΨ , output iαβχ , and circulating currents iε, respectively; achieving therefore a

decoupled model. The system is only coupled at the zero-sequence components, as described

in (4.34b).

Finally, the matrices involved in the energy-circulating-current model presented in (4.18)

are defined as:

VΨχ =
1

12



4vs0 + 6vαΨ −6vβΨ 12vαΨ 0 0

−6vβΨ 4vs0 − 6vαΨ 12vβΨ 0 0

0 0 12vαχ 4vs0 − 6vαχ 6vβχ

0 0 12vβχ 6vβχ 4vs0 + 6vαχ

−vαχ +
√
3vβχ

√
3vαχ − 3vβχ 0 −vαΨ +

√
3vβΨ

√
3vαΨ − 3vβΨ

−vαχ −
√
3vβχ

√
3vαχ + 3vβχ 0 −vαΨ +

√
3vβΨ −

√
3vαΨ + 3vβΨ

−vαχ +
√
3vβχ −

√
3vαχ + 3vβχ 0 −vαΨ −

√
3vβΨ

√
3vαΨ + 3vβΨ

−vαχ −
√
3vβχ −

√
3vαχ − 3vβχ 0 −vαΨ −

√
3vβΨ −

√
3vαΨ − 3vβΨ


(4.35)
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Vε =
1

6



−9vαχ + 3
√
3vβχ −9vαχ − 3

√
3vβχ

3
√
3vαχ − 3vβχ 3

√
3vαχ + 3vβχ

−9vαΨ + 3
√
3vβΨ −9vαΨ − 3

√
3vβΨ

3
√
3vαΨ − 3vβΨ −3

√
3vαΨ + 3vβΨ

2vs0 + 2
√
3vβΨ − 2

√
3vβχ −3vαχ −

√
3vβχ

−3vαχ +
√
3vβχ 2vs0 + 2

√
3vβΨ + 2

√
3vβχ

3vαΨ −
√
3vβΨ 0

0 3vαΨ −
√
3vβΨ

−9vαχ + 3
√
3vβχ −9vαχ − 3

√
3vβχ

−3
√
3vαχ + 3vβχ −3

√
3vαχ − 3vβχ

−9vαΨ + 3
√
3vβΨ −9vαΨ − 3

√
3vβΨ

3
√
3vαΨ + 3vβΨ −3

√
3vαΨ − 3vβΨ

3vαΨ +
√
3vβΨ 0

0 3vαΨ +
√
3vβΨ

2vs0 − 2
√
3vβΨ − 2

√
3vβχ −3vαχ −

√
3vβχ

−3vαχ +
√
3vβχ 2vs0 − 2

√
3vβΨ + 2

√
3vβχ



(4.36)
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CHAPTER 5. AN IMPROVED REFERENCE GENERATOR BASED ON MPC OF

CIRCULATING CURRENTS AND COMMON-MODE VOLTAGE FOR

MODULAR MULTILEVEL MATRIX CONVERTERS

5.1. Introduction

Modular multilevel converters are the next generation for medium/high voltage and high

power applications (Perez et al., 2021; R. H. Cuzmar, Mora, Pereda, Poblete, & Aguilera,

2023; Poblete et al., 2024). Among them, the leading exponents for ac to ac power conver-

sion are the back-to-back modular multilevel converter (B2B-M2C), the modular multilevel

matrix converter (M3C) and the Hexverter (HxC) (Diaz, Cárdenas, et al., 2020). These con-

verters can be used for critical ac-ac applications such as low-frequency ac (LFAC) trans-

mission systems, wind power conversion systems (WECS), power system interconnections

(60-50 Hz) (Diaz, Cárdenas, et al., 2020), fault-tolerant applications (Xiao et al., 2023) and

medium/high voltage motor drives for pumps, mills, conveyors, marine propulsion, among

other applications (Fan et al., 2018a).

The M3Cs present advantages for high-power and low-frequency applications compared

to the B2B-M2C and the HxC (Diaz, Cardenas, et al., 2020). Compared with B2B-M2Cs,

the M3Cs converts directly from ac to ac, requiring fewer sub-modules (SMs) (Bravo et al.,

2022), and have obtained a better performance for low-frequency operations such as LFAC

transmission systems, WECS and low-speed motor drives (Diaz, Cárdenas, et al., 2020).

Compared with the HxC, the M3Cs have been proved to be more suitable in terms of semi-

conductor ratings and control flexibility for different and equal frequency mode (Pereda &

Green, 2016). Additionally, unlike HxC, the reactive power of both ac-ports are independent.

Nonetheless, B2B-M2Cs, HxCs and M3Cs have technical challenges for their use, for

instance, highly coupled internal states, complex control and balance of several floating ca-

pacitors, a large number of control signals, and capacitor voltage oscillations at critical fre-

quencies (Kawamura et al., 2015; Diaz et al., 2019).

The M3C has four control targets: the currents of both ac-ports; the circulating currents;

and the capacitor voltages of each sub-module. The regulation of the capacitor voltages con-

siders four control balancing strategies:
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i) Total Energy Balancing (TEB): regulates the energy stored in all capacitors to the desired

level by transferring power to or from the AC ports.

ii) Inter-Cluster Balancing (ICB): distributes the power of the M2C among all its clusters,

determining the imposition of internal command signals for the common mode voltage and

the circulating currents, without affecting the external ports. The ICB should generate min-

imal circulating currents and common-mode voltage (CMV) to maintain the efficiency and

power density of the converter.

iii) Low-frequency Oscillations Mitigation (LFOM): compensates large oscillations in SM

capacitor voltages by injecting CMV and circulating currents with high harmonic compo-

nents. It is required only at the critical points of operation, when the M3C operates at a

very low frequency, but most acutely when these frequencies approach or equal (Diaz et al.,

2019).

iv) Local-Cluster Balancing (LCB): regulates the SM’s capacitor voltage in each cluster, us-

ing phase-shifted pulse-width modulation (PS-PWM) with proportional controllers or level-

shifted PWM (LS-PWM) and nearest level modulation (NLM) with sorting algorithms (Mora

et al., 2019).

The literature has proposed nested control schemes based on decoupled M3C mod-

els, which allow decoupled control of input, output and circulating currents (Karwatzki &

Mertens, 2018b). This decoupled control strategy allows ICB and LFOM to be performed

without interfering with external control ports. This decoupled model establishes four cir-

culating currents for the M3C and their references are generally determined by the ICB and

LFOM control strategies.

Most ICB control strategies reported in the literature define a set of predefined sinusoidal

components of fixed frequencies and phases for the circulating currents. The amplitudes of

these components are then determined using open and closed loop strategies (Diaz et al.,

2017; Kawamura et al., 2014; Diaz et al., 2019). For example, the work (Diaz et al., 2017)

uses multiple PI controllers implemented in synchronous reference frames to determine the

amplitudes of the set of predefined sinusoidal components for the circulating currents. One of
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the most utilized decoupling mappings is the, so-called, double-αβ0 transformation (Kawa-

mura et al., 2014). In (Diaz et al., 2019), the amplitudes of the sinusoidal components are

obtained in a transformed frame, using the standard transformation double-αβ0 and then the

Σ∆ transformation, which allows to isolate specific frequencies for circulating currents.

Recently (Urrutia et al., 2022) introduced a control approach based on continuous control

ensemble MPC (CCS-MPC) to obtain the optimal circulating current references in the trans-

formed space (four independent current paths for the M3C) for a given CMV. This control

strategy performs the ICB and LFOM in a unique control algorithm, since it requires only

one penalty cost to be adjusted. However, although this method ensures regulation of the

cluster energies, the resulting branch currents could be detrimental during transients, violat-

ing the maximum rated current in each branch since the output constraints are not included

in the CCS-MPC formulation. Over-currents are a critical issue for SMs, and consequently,

an unconstrained MPC strategy is not suitable to achieve a safe M3C operation. This issue is

solved in (R. Cuzmar et al., 2023), where the cluster energies are obtained in the transformed

space. However, the circulating currents are kept in the original framework, which allows for

the limitation of the circulating currents in the optimal problem by considering the maximum

cluster current, always obtaining feasible cluster currents. Nonetheless, none of these works

have considered the CMV generation in their proposals.

The contribution and novelty of this work is that the circulating currents and CMV ref-

erences are generated optimally with the aim of performing the ICB and the LFOM jointly.

The proposed reference generator, based on MPC, considers the coupling of circulating cur-

rents and CMV, obtaining optimal references for the circulating currents and the CMV. Com-

pared with state-of-the-art reference generators, this proposal improves the performance of

the M3C, especially in balancing and mitigating low-frequency oscillation in the capaci-

tor voltages. Additionally, the MPC structure includes constraints for CMV and circulating

currents, allowing the operation of the M3C under a safe operation range of currents and

voltages independent of the inner current controller. Moreover, the proposal is designed in

the original framework, achieving a transformer-less reference generator for the M3C. The

main contributions of this work are the following: i) optimal circulating current and CMV
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Figure 5.1. The M3C topology: (a) circuit diagram and directed graph; (b)
N -cell cluster; and (c) full-bridge-based sub-module.

reference generator; ii) consideration of the coupling among circulating currents and CMV;

iii) wide output frequency operation for the M3C, including the critical points; and iv) design

in the original framework.

Experimental results are provided to verify the proposal performance and effectiveness,

showing a fast dynamic response, fixed harmonic spectrum, an effective ICB and LFOM

regulation for a wide frequency range, and a suitable computational burden operating with a

single centralized controller.

5.2. Modular Multilevel Matrix Converter Model

The M3C topology is composed of nine stacks or clusters to interconnect two three-

phase ac-ports (Fig. 5.1). Each cluster is formed by connecting several H-bridges cells or

sub-modules in cascade manner along with a series cluster inductor. Each sub-module has a

floating capacitor in its dc-port.

To introduce the MPC-based ICB control, the model of the M3C is firstly presented. To

do so, let us consider the set of nine branches K = {1, . . . , 9}, a set of three phases (or nodes)

at the input-side of the converter, Ψ = {u, v,w}, and another set of three nodes at the output-

side, χ = {a, b, c}. The branch currents are comprised in the vector is =
[
i1 · · · i9

]T ∈ R9
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and the input- and output-port currents are defined as iΨ = [iu iv iw]
T and iχ = [ia ib ic]

T,

respectively.

On the one hand, by inspecting the circuit topology in Fig. 5.1(a), it is possible to estab-

lish the following relationship between the branch, and the input- and output-currents:

[
iΨ

iχ

]
=



1 1 1 0 0 0 0 0 0

0 0 0 1 1 1 0 0 0

0 0 0 0 0 0 1 1 1

−1 0 0 −1 0 0 −1 0 0

0 −1 0 0 −1 0 0 −1 0

0 0 −1 0 0 −1 0 0 −1


︸ ︷︷ ︸

:=A

is. (5.1)

where A ∈ R6×9 is the incidence matrix of the directed graph.

On the other hand, as shown in Figs. 5.1(b)-(c), the voltage synthesized by each cluster

is vκ =
∑N

j=1 uκjvCκj , where uκj ∈ {−1, 0, 1} and vCκj are the switching state and the

capacitor voltage of the jth SM in the kth cluster. Thus, by considering the Kirchhoff’s

voltage law for the nine branches, the dynamic model is expressed as:

AT

vΨ

vχ

 = L
dis
dt

+Ris + vs − 19×1von, (5.2)

where vs =
[
v1 · · · v9

]T ∈ R
9 is the cluster voltage vector, vΨ = [vu vv vw]

T and vχ =

[va vb vc]
T are the input- and output-voltage vectors, von is the voltage between the neutral

points, and L and R are the inductance and resistance of the branch filter, respectively.

In (5.2), the cluster current vector can be expressed as (R. Cuzmar et al., 2023):

is = iB + iz (5.3)

where iB ∈ R
9 is the basic branch current vector which depends on the external currents.

Thus, it is determined from (5.1) by using the Moore–Penrose inverse of the incidence matrix

as:

iB = A†[iTΨ iTχ
]T
. (5.4)
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Also, iz ∈ R
9 is the injected circulating current vector to compensate for possible clus-

ter energy deviations and low-frequency oscillations in the SM-capacitor voltages. These

additional branch currents represent the first degrees of freedom to control the cluster ener-

gies in the M3C. It is worth remarking that, this additional branch currents must satisfy the

nullspace condition, i.e., iz ∈ R
9 |Aiz = 0, to be considered as circulating current compo-

nents. Therefore, for any injected branch currents iz satisfying the nullspace condition, the

input and output currents are not affected, achieving a decoupled control of the M3C.

5.3. Proposed MPC-Based Reference Generator

The overall control scheme is illustrated in Fig. 5.2. As shown, the external control

systems provide the input and output current references i⋆Ψ and i⋆χ to fulfill the requirements

of a specific application. Additionally, in the outer loops, the TEB controller defines an active

current component (from the input port) required to regulate the overall M3C’s energy. The

circulating current references and the CMV to be injected are determined by the proposed

MPC-based ICB and LFOM control strategy. The innermost stage determines the switching

states uκj aiming to control the cluster current vector is and to perform the LCB control

to locally regulate each SM’s capacitor voltage in every cluster. To this end, the PS-MPC

strategy presented in (R. H. Cuzmar, Mora, Pereda, Aguilera, et al., 2023) is implemented in

this work.

In the following, the proposed reference generator is formulated to perform the ICB and

LFOM jointly by generating suitable circulating currents and CMV.

5.3.1. Cluster Energy Model

To deal with the proposed energy control strategy, the cluster energy ECκ is used as the

variable to be controlled. From the circuit diagram shown in Fig. 5.1(b), the κth cluster

energy can be expressed as ECκ = 1
2
C
∑N

j=1 v
2
Cκj , where C is the rated SM’s capacitance.

By introducing the cluster energy vector, i.e.,

EC =
[
EC1 . . . EC9

]T ∈ R9, (5.5)
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and by neglecting the filter voltage drop in (5.2), the discrete-time model can be stated as:

EC(k+1)=EC(k) + Ts
[
V(k)+v0(k)I9

](
iB(k)+iz(k)

)︸ ︷︷ ︸
fNL(·)

, (5.6)

where v0(k) ∈ R is the CMV to be injected by the M3C, and V(k) is a diagonal matrix

depending on the external voltages at instant k, i.e.,

V(k) = diag

AT

vΨ(k)

vχ(k)

 ∈ R9×9 (5.7)

The energy model shown in (5.6) represents a time-varying system in which the circu-

lating currents iz as well as the common-mode voltage v0 can be considered as the control

actions. It is a highly coupled dynamical non-linear system since each circulating current

component as well as the CMV affect more than one element of the branch power vector.

In addition, the number of degrees of freedom is smaller than the number of variables to

be controlled. Therefore, the control of the system can be considered a very challenging

problem.
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5.3.2. Optimal Control Problem

To determine the optimal circulating currents iz and the CMV v0, the following cost

function at instant k is proposed in this work:

J =
∥∥EC(k+1)− E⋆

C(k)
∥∥2

Q
+ λz

∥∥iz(k)∥∥2

2
+ λ0v

2
0(k) (5.8)

where each component in E⋆
C is computed as E⋆

Cκ=
1
2
CNv⋆2Cκ. This cost function penalizes

the predicted tracking error and the control effort. As shown in (5.8), the control effort has

one component proportional to the squared sum of the circulating current components and

another proportional to the squared of the CMV amplitude. The non-negative parameters λz

and λ0 are tuning parameters that adjust the trade-off between the tracking accuracy and the

control effort. Moreover, Q=diag{q1, · · · , q9} ∈ R
9×9 provides a relative weight to every

component of the predicted tracking error.

Therefore, the proposed constrained optimal control problem (COCP) underlying the

ICB and LFOM is stated as:

min
iz(k),v0(k)

J(EC(k+1), iz(k), v0(k)) (5.9a)

s.t. EC(k+1)=fNL(EC(k), iz(k), v0(k)) (5.9b)

Aiz(k) = 06×1 (5.9c)

IL(k) ≤ iz(k) ≤ IU(k) (5.9d)

VL(k) ≤ v0(k) ≤ VU(k) (5.9e)

In (5.9), the decision variables are the circulating current vector and the common-mode

voltage. Thus, the controller aims to minimize the cost function (5.9a) over the control

inputs that satisfy the inequality constraints regarding the upper and lower bounds for the

cluster currents and CMV given in (5.9d) and (5.9e), respectively. Moreover, to certainly

inject circulating currents, we explicitly added the nullspace condition (5.9c) to ensure that

the circulating currents in iz(k) neither affect the input nor the output currents. Notice that
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the dynamic model presented in (5.9b) is a nonlinear system due to the multiplication of both

control signals so the COCP presented in (5.9a) is a nonlinear programming problem (NLP).

5.3.3. Proposed Solver Approach

To face this problem, solver algorithms presented in the literature are based on assuming

the CMV to be injected v⋆0 as a known variable (Urrutia et al., 2022; R. Cuzmar et al., 2023).

In this regard, a high-frequency signal is preferred to avoid extra low-frequency components

in the cluster power. As a result, the discrete-time model becomes linear and the complexity

of the problem is reduced since the circulating currents become the only decision variables.

However, to address the complexities of this NLP, this work employs the iterative opti-

mization approach shown in Fig. 5.3. This method is based on the block coordinate descent

(BCD) algorithm (Dimitri P. Bertsekas, 2016) and divides the NLP presented in (5.9) into

two linear subproblems. In the first subproblem, we optimize the circulating currents, as-

suming the CMV is a known variable. Analogously, the second subproblem optimizes the

CMV while assuming the circulating currents are known. The proposed solver algorithm

converges towards an optimal solution by solving both linear subproblems iteratively.

5.3.3.1. Circulating Current Subproblem

The optimal control problem for the circulating current is obtained by assuming known

the CMV and taken as its previously iteration value v(i)0 . This approach allows redefining the

constraint in (5.9b) as a linear function of circulating currents, i.e.:

EC(k+1) = EC(k) +Bz(k)iz(k) + dz(k) (5.10)

where the input matrix is defined as:

Bz(k) = Ts
(
V(k)+v

(i)
0 I9

)
(5.11)

and dz(k) = Bz(k)iB(k) is a known disturbance.
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Figure 5.3. Proposed iterative optimal control problem.

Consequently, the COCP stated in (5.9) can be rewritten as the following convex opti-

mization subproblem:

min
iz(k)

∥∥EC(k+1)− E⋆
C(k)

∥∥2

Q
+ λz

∥∥iz(k)∥∥2

2
(5.12a)

s.t. EC(k+1) = EC(k) +Bz(k)iz(k) + dz(k) (5.12b)

Aiz(k) = 06×1 (5.12c)

IL(k) ≤ iz(k) ≤ IU(k) (5.12d)

As shown in (5.12), by fixing the CMV value, the CMV control effort component of the cost

function is constant and can be neglected from the cost. Moreover, initially, the optimization

problem is solved obtaining an initial iterative solution i
(i)
z .

In (5.12d), IL(k) and IU(k) are the lower and upper bounds for the circulating current

vector. These limits are time-varying since depend on the input and output current references,

i⋆Ψ and i⋆χ, respectively. Additionally, the lower and upper limits depend on the branch over-

current limit, Imax. Therefore, the upper and lower limits for the cluster currents can be

deduced from (5.3) as: 
IU(k) = Imax19×1 − i⋆B(k)

IL(k) = −Imax19×1 − i⋆B(k).

(5.13)
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Additionally, the restriction (5.12c) ensures that the optimal solution do not impact in the

input or output system. In this work, it is adopted an exterior point active set method based

on a Lagrangian function and the Karush-Kuhn-Tucker (KKT) conditions.

5.3.3.2. Common-Mode Voltage Subproblem

Similarly as the previous control problem, the CMV optimal control problem redefines

the energy dynamic-model (5.9b) by taken the previously obtained solution for the circulat-

ing currents i(i)z as follows:

EC(k+1)=EC(k) + b0(k)v0(k) + d0(k) (5.14)

where the matrices b0(k) and d0(k) are defined as:

b0(k) = Ts
(
i(i)z + iB(k)

)
, (5.15)

d0(k) = TsV(k)
(
i(i)z + iB(k)

)
(5.16)

Consequently, the COCP stated in (5.9) can be rewritten as the following convex opti-

mization subproblem:

min
v0(k)

∥∥EC(k+1)− E⋆
C(k)

∥∥2

Q
+ λ0v

2
0(k) (5.17a)

s.t. EC(k+1)=EC(k) + b0(k)v0(k) + d0(k) (5.17b)

VL(k) ≤ v0(k) ≤ VU(k) (5.17c)

Notice that the CMV optimal control problem (5.17) considers the circulating currents

i
(i)
z as a known disturbance, so the middle term of the cost function (5.8) associated to the

circulating currents does not participate in this optimal problem. Finally, since v0 ∈ R, it is

important to highlight that the optimal solution of this subproblem, v(i)0 , can be obtained in

each iteration as follows:

v
(i)
0 = min

{
VU(k),max {VL(k), v

unc
0 }

}
(5.18)
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Figure 5.4. Experimental prototype of 3 kVA.

where vunc0 is the unconstrained optimal problem solution:

vunc0 = −
bT0 (k)Q

(
EC(k) + d0(k)9E⋆

C(k)
)

bT0 (k)Qb0(k)+λ0

. (5.19)

5.3.4. Iterative Optimization Process

As mentioned, the original NLP has been decomposed into two simpler linear subprob-

lems to apply the BCD algorithm. As shown in Fig. 5.3, the first one focuses on determining

the optimal circulating currents for a given CMV, while the second subproblem aims to find

the optimal CMV for a given circulating current. The solution to the original NLP is then
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Figure 5.5. Experimental performance in steady-state operating at 50-60 Hz,
60-60 Hz, and a power step at 60-50 Hz. (a) capacitor voltages, (b) input
currents, (c) output currents, (d) tracking of ua−cluster current, (e) CMV,
and (f) cluster currents.

approached iteratively by solving both linear subproblems sequentially. This iterative pro-

cedure is repeated for a specified number of times, denoted as ni, ultimately yielding the

optimal solution for both circulating currents and CMV in the nonlinear control system. No-

tice that ni is a control parameter to tune for the control performance. On the one hand, a

low value of ni might lead to a sub-optimal solution for circulating currents and/or CMV.

On the other hand, a high value of ni leads to a high computational burden for the overall
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Figure 5.6. Experimental performance under cluster energy imbalance oper-
ation. (a) capacitor voltages, (b) input and output currents, (c) circulating
current reference with upper and lower bounds of ua-cluster, (d) CMV, and
(e) cluster currents.

optimization problem (Dimitri P. Bertsekas, 2016). Hence, a trade-off between the optimal

solution tolerance and computational burden must be achieved when tuning ni.

5.4. Experimental Results

Experimental results have been performed to analyze and verify the proposed MPC strat-

egy performance when governing an M3C connected to a three-phase system and a passive

load. The first system is composed by a grid-voltage generated using the grid-simulator

NHR9410 and the second system is comprised by a passive load of the second was generated

using the regenerative ac load NHR9430. The predictive control scheme was implemented
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Table 5.1. System Parameters for Experimental Results.

Variable Description Experimental

P Rated power 3 kW
vΨ Input grid voltage (line-to-line rms) 190 V
fΨ Input grid frequency 60 Hz

rL, LL Output load parameters 14 Ω, 1 mH
fχ Output frequency 1-70 Hz
N SMs per clusters 4
C SM capacitance 987 µF
v⋆Cκ dc cap. voltage per SM 100 V
L, R Cluster filter parameters 5 mH, 0.1 Ω
fcr Carrier frequency 2 kHz
Imax Maximum cluster current 15 A
Vmax Maximum common-mode voltage 141 V

on an OPAL-RT OP4510 system. The data is acquired by the OPAL-RT software every

62.5 µs and is not post-processed. The prototype is presented in Fig. 5.4 and its parameters

are summarized in Table 5.1. The proposed MPC strategy was tuned heuristically with qκ=1,

λz=5× 10−3, λ0=1.25× 10−5 and ni = 3; and the execution time of the proposal with three

iteration is Te=14.55 µs.

5.4.1. Steady-State Performance

The results of the steady state performance of the proposal are presented in Fig. 5.5,

for different frequency mode (50-60) and equal frequency mode (60-60), being the latter a

critical operating point. The capacitor voltages are properly regulated to the expected value

of 100 V, presenting a ripple of ±6 V as are shown in Fig. 5.5(a) and an average tracking

error of 2 V. Hence, the local cluster balancing control is properly addressed by the proposal.

The proposed strategy governs the M3C to extract 3kW from the input and inject it to the

output-port as is presented in the balanced current waveforms from both ports in Fig. 5.5(b)

and 5.5(c).

The cluster tracking is presented in Fig. 5.5(d), where the ua−cluster current achieves

an average tracking error of 0.57 A. Additionally, the proposal generates a THD of 2.83 and
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Figure 5.7. Experimental dynamic performance, frequency at 1 to 70 Hz. (a)
output frequency at 1 Hz, (b) output frequency at 20 Hz, and (c) output fre-
quency at 60 Hz. Top graph: capacitor voltages. Bottom graphs (oscilloscope
waveforms): ia (Ch 1), iu (Ch 2), iua (Ch 3), vno (Ch 4), vua (Ch 5), and iva
(Ch 6).

1.01% of THD for the iu and ia currents, respectively. Moreover, the obtained WTHD for

both currents are 0.9 and 0.21%, respectively.

Finally, the CMV and circulating current references are presented in Fig. 5.5(e) and

5.5(f), which always are between its upper an lower bounds. Additionally, the proposal

generates references and governs the M3C in a safe operating region, as can be appreciated

in Fig. 5.5(f), where the cluster current references are kept between ±Imax A.

5.4.2. Dynamic Performance

The proposal has been tested under different step changes to present its dynamic perfor-

mance under suddenly power, cluster energy, and output frequency step in Fig. 5.5, 5.6 and

5.7, respectively.
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5.4.2.1. Power Step Change

The dynamic response of a suddenly power step is almost instantaneous with no over-

shoot in output nor input currents as Fig. 5.5(b) and 5.5(c) present. As expected, the current

levels increase due to the increment of power, including input, output and cluster currents

(see Fig. 5.5(d)). Moreover, the voltages are not an exception, the voltage levels also rise, as

can be seen in the capacitor voltages ripple in Fig. 5.5(a). Nonetheless, the capacitor voltages

are always maintain around their voltage reference.

5.4.2.2. Cluster Energy Steps and Unbalanced Operation

The proposed two-stage MPC has been tested under cluster energy steps, operating with

unbalanced stored energy per cluster. In this test, the energy cluster references are changed

every 0.3 s, increasing or decreasing the energy of only one cluster each instant by +4.14 J

(equivalent to increase the capacitor voltages by 10 V) or by −3.75 J (equivalent to decrease

the capacitor voltages by 10 V). Additionally, at the instant 3.3 s, the proposal governs the

M3C to balanced all the clusters to the initial state.

During this test, the capacitor voltages are kept in their energy reference (see Fig. 5.6a),

achieving an unbalanced operation with regard the stored cluster energies while the M3C

transfers 3 kW from one port to the other as Fig. 5.6b shows. Notice that the circulating

current component and the CMV references are always inside their upper and lower bounds,

saturating their values when needed as is presented in the zoom of Fig. 5.6c. Moreover, it is

important to mention that the circulating current references are always a feasible operation

point for the M3C, allowing to the sequential PS-MPC to use all the available current in the

cluster to balance the energy among clusters. As a result, the cluster currents are always

between ±Imax A.

5.4.2.3. Different Output Frequencies Performance

The proposal can operate at any frequency between 1 and 70 Hz with a low capacitor

ripple as can be appreciated in Fig. 5.7. In this test, the output frequency is suddenly changed

every second starting from instant −3 to 5 s and the frequencies are 1, 5, 10, 20, 30, 40,
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(a)

(b)

Figure 5.8. Experimental spectrum with output frequency from 1 to 70 Hz.
(a) cluster circulating current and (b) CMV.

50, 60 and 70 Hz. As depicted in Fig. 5.7, the output current is achieved independent of

the frequency and the dynamic response under frequency steps is fast with no overshoot.

Moreover, the converter is able to operate in the critical point (60-60 Hz).

Additionally, Fig. 5.8 illustrates the frequency components generated by the proposed

MPC for different output frequencies. As a pattern, the proposal always generates circulat-

ing current components at |2fψ± fχ| and |2fχ± fψ|. Nevertheless, it might inject additional
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Figure 5.10. Box-and-whisker diagram summarising the number of iterations
required for transient scenarios shown in Fig. 5.6.

components. It is important to mention that constraint (5.12c) ensures that any generated har-

monic does not affect input or output currents. Regarding CMV, the proposed MPC always

generates components at 3fψ and 3fχ. Nonetheless, similarly as the circulating currents, the

proposal might inject additional frequency components for CMV.
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Table 5.2. CMV design impact in comparison with literature.

Index MPC Proposal

1 Hz 60 Hz 1 Hz 60 Hz

Compared error △VC/△VCMPC 1 1 0.26 0.52
RMS circulating current [A] 3.94 1.67 3.94 1.67
RMS CMV [V] 0 60 33.56 41.2
CC frequency components Multiples Multiples
CMV frequency components 1 Multiples

5.4.3. Cost Function Evolution Over Iterations

To evaluate the convergence of the algorithm, the normalized cost function value as a

function of the number of iterations, J (i)
% in (5.20), is used as index performance.

J
(i)
% =

J (i) − J (50)

J (1)
× 100 (5.20)

Fig. 5.9 shows that, for steady-state operating conditions, the cost function value decreases

with the iterations until converging to the optimal value. Notice that, in steady-state, only

three iterations are required to have an error lower than 5 % (red line). Nevertheless, to

test more challenging scenarios, we comprehensively analyzed the convergence rate of the

10 transients shown in Fig. 5.6. The results are analyzed in the box and whisker plot of

Fig. 5.10, where most transient scenarios require only 3 iterations to converge to the optimal

value (error smaller than 5%), although some cases require more iterations. Nonetheless,

based on the results of Fig. 5.10, the proposed ICB control achieves the optimal with three

iterations for 75% of the analyzed transient scenarios. Therefore, by considering ni = 3, the

proposal will properly cover three out of four scenarios during transient and almost every

case during steady-state. On one hand, if ni is too small (≈ 1), the solution obtained by

the proposal will present a considerable error regarding the optimal. On the other hand, if

ni is too big, the execution time of the proposal will highly increase, slightly improving the

performance of the ICB control. Hence, by selecting ni, there is a trade-off between the

execution time and the solution regarding the optimum.
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5.4.4. Comparison with a state-of-the-art strategy

The proposal has been compared with the circulating current generator based on MPC

presented in (R. Cuzmar et al., 2023). As is shown in Fig. 5.11, the comparison considers the

operation of the M3C in critical points which are low and equal frequencies (1 and 60 Hz,

respectively) while the other port remains constant at 60 Hz. When the output frequency is 1

Hz, the proposal achieves a root mean squared error of the capacitor voltages of △VC = 3.08

in comparison with △VC = 4.44 obtained by (R. Cuzmar et al., 2023). On the other hand,

when the frequencies are equal, the proposal and (R. Cuzmar et al., 2023) present a root

mean squared error of the capacitor voltages of △VC = 2.17 and △VC = 3.39, respectively.

The generated CMV presents two main frequency components, the first related with the

input frequency and the second with the output frequency, which correspond to the third har-

monic of the mentioned frequencies. For instance, when the output frequency is 1 Hz, the

generated CMV clearly presents a high and low frequency components, the high frequency

component is 180 Hz and the low frequency is 3 Hz as is presented in Fig. 5.11(c). In con-

trast, (R. Cuzmar et al., 2023) does not consider a common-mode voltage for low frequency

operation. When the system operates with equal frequencies (60 Hz), the CMV has a main

frequency component at 180 Hz as expected which is presented in 5.12(c).

In both cases, the proposal is able to reduce the energy mismatch among clusters, reduc-

ing the root mean squared error of the capacitor voltages in 31% at low frequencies and up

to 36% at equal frequencies in comparison with (R. Cuzmar et al., 2023).

Finally, the proposed strategy was compared by simulation with the one presented in

(R. Cuzmar et al., 2023), which only optimized the circulating currents. In this test, the

weighting factor λz, which penalizes the circulating current control action, has been ad-

justed to obtain the same RMS value for circulating currents as (R. Cuzmar et al., 2023).

Table 5.2 presents the results, showing both strategies generating the same RMS value for

circulating currents. Nevertheless, compared with (R. Cuzmar et al., 2023), the proposal

improves the average capacitor voltage error by 74 and 48 % when operating at 1 Hz and

60 Hz, respectively. To achieve that improvement, the proposal generates a CMV reference

that highly reduces the capacitor ripple. Despite that (R. Cuzmar et al., 2023) only use one
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Figure 5.11. Experimental comparison at low frequency 1 Hz.

frequency component for the CMV, the proposal might use multiple frequency components

to reduce the cost function (5.8).

5.5. Conclusion

This chapter presented an optimal reference generator of circulating currents and common-

mode voltage to perform the ICB control and the LFO mitigation of an M3C. This work de-

rived the cluster energies model in the original framework, simplifying the control scheme of

an M3C. On one hand, the circulating current subproblem ensures that the generated circulat-

ing currents do not distort input nor output ports and maintains the cluster current references

within its feasible limits. On the other hand, the CMV subproblem allows one to obtain

a constrained CMV reference which is specially useful for mitigation when the converter

operates at critical points.

Additionally, the proposed reference generator was tested in an M3C prototype with 36

SMs. The experimental results showed the effectiveness of the energy balance capabilities

of the proposal even during low and equal frequencies operation while keeping the cluster
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Figure 5.12. Experimental comparison at equal frequency 60 Hz.

currents and common-mode voltage under safe limits. Finally, future work may consider the

optimization of the amplitude for the obtained frequency components over a period.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

This research proposed predictive control strategies for the modular multilevel matrix

converter (M3C). This control strategy was divided in two parts, the current and local clus-

ter balancing controllers (inner controller); and the inter-cluster balancing controller (outer

controller).

Chapter 2 proposed an inner control strategy based on long horizon FCS-MPC. Experi-

mental results were performed to validate the proposal up to horizon 4 and to compared with

other FCS-MPC strategies. As a result, the proposed sequential FCS-MPC-H4 presented fast

dynamic response and steady-state performance when tracking the cluster currents with mul-

tiple frequency components. Additionally, in comparison with FCS-MPC from literature, the

proposal highly reduced the average switching frequency and computational burden, increas-

ing its scalability.

Chapter 3 presented an inner control strategy based on a PS-MPC, where the cluster

currents are derived in the double−αβ0. Based on the experimental results, the proposal

proved its effectiveness to govern an M3C, tracking input, output, circulating currents and

regulating the capacitor voltages locally. Additionally, the proposal obtained the optimal

duty cycles no only during steady-state but transients as well. Moreover, the resulting voltage

waveform presented fixed switching frequency with low distortion and distributed power

losses among power switches.

Chapter 4 proposed a constrained optimal circulating current generator as inter-cluster

balancing control for the M3C, where the cluster energies were derived in the double−αβ0.

However, the circulating currents were kept in the original framework. The experimental

results of the constrained MPC showed an effective balance of the energy among clusters

while operating the M3C in safe zone all the time, because the proposal considered upper

and lower bound for circulating currents. Therefore, the proposed circulating generator over-

came optimal generator from literature by guarantying a safe operation of the M3C and using
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full range of the available cluster currents, independently of the controller tuning.

The chapter 5 presented an optimal reference generator of circulating currents and common-

mode voltage to perform the ICB control and the low-frequency oscillation mitigation of an

M3C. This proposal was designed completely in the original framework. The proposed ref-

erence generator was tested in an M3C prototype with 36 SMs. The experimental results

showed the effectiveness of the energy balance capabilities of the proposal even during low

and equal frequencies operation while keeping the cluster currents and common-mode volt-

age under safe limits. On one hand, the circulating current subproblem ensures that the

generated circulating currents do not distort input nor output ports and maintains the cluster

current references within its feasible limits. On the other hand, the CMV subproblem allows

one to obtain a constrained CMV reference which is specially useful for mitigation when the

converter operates at critical points.

Both hypotheses have been proved during this research.

H1: It is possible to unified the current control and local-cluster balancing (LCB) con-

trol with a finite-control-set MPC and phase-shifted MPC over a wide frequency

range, obtaining a fixed voltage and current spectrum (for the sequential PS-MPC

strategy) and a high scalability (linear increment in the case of the sequential PS-

MPC).

H2: The constrained MPC-based reference generator improves the performance of the

M3C in steady-state in terms of capacitor voltage ripple and ensures safety opera-

tion of the converter for a wide frequency range, including critical frequencies.
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6.2. Future Work

As future work or extensions of this work, the following ideas are raised:

• To obtain an extended state-space for the controllers and incorporate disturbances

to achieve zero steady-state error. This idea arise because MPC strategies are very

sensitive to the model. Hence, by considering an extended state-space model to

include unknown disturbance it is possible to operate with a model which presents

inaccuracies.

• To design an inner controller of an M3C to manage faults in one and two clusters.

The standard solution when the M3C presents a faulty cluster is to operate it with

six cluster, working as an Hexverter. This idea aims to consider an inner controller

that allows to operate the M3C with eight or seven cluster instead of shutting down

two clusters that can properly work.

• To design an outer controller of an M3C that considers faults in one and two clus-

ters. By taking into account the previous idea, it is important to support it with an

outer controller that allows to regulate the energy of the M3C with only eight or

seven cluster as well.

• To increase the prediction horizon of the sPS-MPC and evaluate the computational

burden. The developed sPS-MPC presents upper and lower bound for duty cy-

cles, evaluating a larger horizon might improve the performance of the controller

in steady-state and/or under a power step.

• To analyze the circulating current frequency components and optimize the ampli-

tude over a period as ICB control. In order to improve the performance of the

obtained controllers, by considering fixed frequency components and optimizing

over the period, it is possible to reduce the sample frequency of the ICB control and
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obtain a better performance of capacitor voltage oscillations and/or cluster currents

over a period.

• To analyze the common-mode voltage and optimize the amplitude over a period

as ICB control. It might be possible to reduce the sampling frequency of the ICB

control and increase the horizon over a period of some specific frequency compo-

nents for the CMV to improve the performance of the ICB control over a period of

the selected frequency components.

• To consider one optimization for current, LCB and ICB control. In this research,

two controllers were implemented at the same sampling frequency to achieve cur-

rent, LCB and ICB controls. It might be possible to mixed those controllers and

obtain only one controller.

• To evaluate the use of batteries in the M3C for micro grids, in applications such as

cruisers and small systems based on WECS. The battery energy storage systems

are the main alternative to storage a large amount of energy. By considering bat-

teries in the SMs, the M3C will be able to inject independent active and reactive

power to the ports. Hence, the M3C can work as storage system for propulsion

systems and grid supply in marine vessels and other micro grid systems.

• To consider a distributed control system strategy for the M3C. This idea aims to

reduce the computational burden required by a central controller and divided it in

several micro-controllers, allowing to reduce the computational effort even more.

The distributed control can be applied per cluster and per SMs.



135

REFERENCES

AF-Mercados EMI. (2019). Actualización de la interconexión eléctrica chile-
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