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RESUMEN DE LA TESIS PARA OPTAR
AL GRADO DE DOCTOR EN INGENIERÍA ELÉCTRICA
POR: YEINER ARIAS ESQUIVEL
FECHA: 2023
PROF. GUÍA: ROBERTO CÁRDENAS DOBSON

CONTROL PREDICTIVO CONTINUO APLICADO A CONVERTIDORES
MODULARES MULTINIVEL PARA APLICACIONES DE

ACCIONAMIENTO Y ENERGÍA EÓLICA

El Convertidor Modular Multinivel (MMC) ha ganado atención en aplicaciones de alta
potencia y voltaje medio debido a su modularidad, eficiencia y baja distorsión armónica.
Esta tesis propone tres esquemas de control innovadores basados en el Control Predictivo
de Modelo de Conjunto Continuo (CCS-MPC) para regular las tensiones de los capacitores
del MMC. El primer enfoque utiliza un CCS-MPC de dos etapas para gestionar corrientes
circulantes y controlar fluctuaciones de tensión. El segundo enfoque usa un CCS-MPC de una
sola etapa para regular las tensiones y corrientes simultáneamente. Además, se presenta un
tercer enfoque que implementa un CCS-MPC de un MMC Híbrido con generador sincrónico
de imanes permanentes para energía eólica, asegurando el equilibrio de las tensiones en los
capacitores sin utilizar corrientes circulantes. Estas estrategias mejoran el rendimiento y mi-
nimizan pérdidas del MMC. Además, estas fueron validadas experimentalmente y publicadas
en revistas prestigiosas. Esta investigación también contribuye a otros proyectos relacionados
con el control de convertidores modulares multinivel.
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CONTINUOUS CONTROL SET MODEL PREDICTIVE CONTROL
APPLIED TO MODULAR MULTILEVEL CONVERTERS FOR DRIVE AND

WIND ENERGY APPLICATIONS

In recent years, the Modular Multilevel Converter (MMC) has gained attention for high-
power and medium-voltage applications due to its modularity, efficiency, and low harmonic
distortion. However, achieving optimal MMC operation requires multiple control objectives.
Maintaining capacitor voltage within an acceptable range and reducing circulating current are
key challenges in MMC control. This doctoral thesis proposes three innovative control schemes
based on Continuous Control Set Model Predictive Control (CCS-MPC) to regulate MMC
capacitor voltages. The first approach employs a two-stage CCS-MPC to manage circulating
currents and control voltage fluctuations. The second approach uses a single-stage CCS-
MPC to govern voltage oscillations and circulating currents simultaneously. Additionally,
a third approach is presented, implementing CCS-MPC for a Hybrid Modular Multilevel
Converter integrated with a direct-drive Permanent Magnet Synchronous Generator in wind
energy applications. This approach ensures converter energy balance without the need for
circulating currents. The proposed control strategies improve MMC performance, minimise
losses, and have been experimentally validated, with publications in reputable journals. The
research also contributes to other projects related to modular multilevel converter control.
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Chapter 1

Introduction

1.1. Motivation
The Modular Multilevel Converter (MMC) has emerged as a compelling choice for various

applications, including drive systems, High-Voltage Direct Current (HVDC) transmission,
and Wind Energy Conversion Systems (WECS) [1–3]. There are several key reasons why the
MMC is highly suitable for these applications. Firstly, the MMC offers numerous advantages
such as high efficiency, modularity and scalability, allowing for easy adaptation to different
power requirements [1, 4–7]. This flexibility makes it an ideal choice for high-power and
medium-voltage drive and wind energy applications, where efficient and reliable operation
is crucial. Secondly, in HVDC transmission, the MMC’s unique characteristics make it an
excellent candidate for long-distance power transmission [6]. Its ability to handle high voltages
and currents, along with its low harmonic distortion capabilities, results in improved power
quality, and enhanced overall system performance. Fig. 1.1 illustrates the MMC topology used
throughout this thesis, consisting of six clusters, an AC port, a DC port, and six inductors.
Each cluster is made up of “n” half/full-bridges, each equipped with a floating capacitor.

Port

SubmoduleP

N

Cluster

Port

Figure 1.1: DC to three-phase Modular Multilevel Converter topology.

Despite the numerous benefits MMCs offer, achieving proper control of the converter is

1



quite challenging. This challenge is compounded by the Multiple-Input Multiple-Output (MI-
MO) characteristic of the converter, which requires accomplishing multiple control objectives.
For instance, ensuring the accurate regulation of capacitor voltage, minimising circulating cu-
rrents, and controlling both the AC and DC ports are essential for the converter’s reliable
operation [8, 9]. As highlighted in various publications (e.g., [10–12]), this becomes particu-
larly complicated in drive applications, especially when dealing with low output frequencies
at the AC port [8, 13–15].

The MMC requires an active balancing of its six energy components to effectively regulate
the total energy stored in the MMC capacitors [16] and achieve operation at both high and low
frequencies. At high frequencies, two circulating currents are utilised for energy balancing,
each consisting of a DC component, a positive sequence AC component, and a negative
sequence AC component [10]. Nonetheless, the commonly proposed solution in the literature
is to design controllers that overlook the cross-coupling between the energy and circulating
current components (e.g., as seen in [11, 17]), resulting in suboptimal performance [18, 19].

To enhance control performance, Multiple-Input Multiple-Output controllers have been
suggested (see [18]). Nonetheless, traditional MIMO controllers struggle to incorporate cons-
traints such as maximum current and maximum output voltage in each cluster [19]. Additio-
nally, even in the case of decoupled controllers, achieving saturation limitations for currents
and voltages proves to be challenging. For instance, as demonstrated in [16], implementing
conventional anti-wind-up schemes typically used for Proportional-Integral (PI) controllers
can result in suboptimal system performance.

In order to address these challenges, Model Predictive Control (MPC) has emerged as a
potential solution for power converter control due to its versatility and simplicity [20, 21].
MPC algorithms can be designed to incorporate multiple constraints, enabling a fast dynamic
response, and can be effectively applied to MIMO systems [4, 22, 23]. These characteristics
position MPC as a promising alternative for controlling modular multilevel converters [24].

1.1.1. The MMC as an alternative topology for HVDC applica-
tions

In HVDC systems, Current Source Converters (CSC) have been widely used for the last
several decades [25, 26]. The Line-Commutated Converter (LCC) topology is one of the first
topologies proposed for these applications and is therefore considered a mature technology
[22, 27]. This converter has a large transmission capacity and a high transmission voltage
level. The circuit configuration of the LCC is shown in 1.2; as seen in the figure, this converter
uses thyristors as switching devices.

In general, CSCs have a simple structure, low switching dv/dt, and high efficiency. Addi-
tionally, they exhibit robustness against over-current and short-circuit conditions. However,
CSCs are characterised by low dynamic performance and significant harmonic distortion,
which may not comply with the harmonic guidelines established by standards [28]. Moreo-
ver, the LCC configuration is prone to switching failures, necessitates reactive power com-
pensation systems, and is not suitable for connections to weak networks [29]. Conversely, a
LCC-based converter station typically has a size approximately 67 % larger than that of a
voltage source converter station [30], primarily due to the inclusion of power compensation
systems [31].

Although the MMC-based systems present multiple challenges from a control perspective,
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Thyristor

Figure 1.2: Three-phase six-pulse line-commutated current source converter.

the MMC has demonstrated clear advantages such as built-in redundancy, higher efficiency,
and low harmonic distortion [32]. For example, according to [30], the transmission losses
of MMC-based HVDC systems are similar to those of LCC-based systems. Furthermore, in
a well-designed MMC, a high power density can be obtained because it does not require
output filters and reactive power support compared to the LCC-based HVDC system [33].
These benefits make MMC a promising alternative, which is increasingly used in HVDC
transmission networks.

1.1.2. The MMC as an alternative solution for medium to high
power applications

Multilevel converter topologies have emerged as a solution to the limitations of two-level
converters for medium- and high-voltage, high-power applications. Before the MMC, different
types of multilevel converters were proposed in the literature to operate in these power
and voltage ranges. Topologies such as Cascaded H-bridge (CHB), Neutral-Point clamped
(NPC), or Flying Capacitor (FC) are typically used in high-power applications. However,
these converters come with several drawbacks. Some examples of these topologies are shown
in Fig. 1.3.

One of the major problems in NPC and FC converters is that they require an almost
complete modification in the topology to increase the number of voltage levels. Additionally,
these converters are not fault-tolerant, implying a complete shutdown during faults. In con-
trast, the CHB converter requires numerous isolated DC sources. Despite the modularity of
the converter, DC sources must be generated using a phase-shifting transformer, increasing
the cost and size of the converter.

To address these challenges, modular multilevel converter topologies have been propo-
sed. The modularity of these converters enables the achievement of high operating voltages
using low-voltage and cost-effective switches. Additionally, the MMC utilises flying capacitors
without the need for isolated DC sources or a phase-shifting transformer. These key features
make the MMC an attractive alternative for high-power applications.

Nowadays, the MMC topology is utilised in various commercial solutions, although most
are related to HVDC systems [34]. Nevertheless, companies like Siemens and Benshaw offer
solutions for medium-voltage drives. To the best of the author’s knowledge, there are currently
two alternatives available: the Sinamics Perfect Harmony GH150 and the M2L Series. The
GH150 operates within a voltage range of 4 kV to 13.8 kV [35]. On the other hand, the M2L
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Figure 1.3: Multilevel converter topologies [22]. (a) Three-level neutral-point
clamped converter, (b) Four-level flying capacitor converter, (c) Cascaded
H-bridge converter.

is designed to function within a voltage range of 2.3 kV to 7.2 kV [36]. Both alternatives
incorporate redundancy options to enhance reliability.

1.1.3. Control Challenges of an MMC Operating with Low Fre-
quency at the AC Port

As mentioned before, control of the MMC is complex as multiple control objectives need
to be reached simultaneously. This task is especially challenging when the output frequency
at the AC port is low. The low-frequency power fluctuation issues are discussed below.

According to Fig. 1.4 and applying a small signal model, the capacitor voltage and the
instantaneous power in the converter clusters can be obtained as [12, 13]:

nCv∗
C

dvP
Ca

dt
≈ pP

a = vP
a i

P
a (1.1)

where vP
Ca is the capacitor voltage, pP

a is the instantaneous power, vP
a is the output cluster

voltage and iPa is the cluster current; v∗
C , n, and C are the capacitor reference voltage, number

of capacitors per cluster, and capacitance of each submodule, respectively. Then, ignoring the
voltage drop across the cluster inductor and considering that neither circulating current nor
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Figure 1.4: Model of the Modular Multilevel Converter.

common-mode voltage is used, the instantaneous power can be approximated as:

pP
a ≈

Vdcidc

6 − VaIa

4 cos(ϕ) + VaIa

4 cos (2ωet+ ϕ) +

pcrit︷ ︸︸ ︷
VdcIa

4 sin (ωet+ ϕ)−idcVa

3 sin (ωet) (1.2)

where the voltage and current of the machine are Va sin(ωe) and Ia sin(ωe + ϕ), respectively.
This analysis is performed using the upper cluster of leg A as an example; however, it can
be extended to all clusters of the converter. The first two terms of the right side are non-
oscillatory, and the remaining terms depend on the frequency of the machine. Nevertheless,
if the starting current is high, the power oscillation pcrit with frequency ωe will also be high.
This low-frequency power could produce a high voltage ripple in capacitors, as seen in (1.3).

vP
Ca ≈

mean energy balance︷ ︸︸ ︷{
Vdcidc

6 − VaIa

4 cos(ϕ)
}
t+ VaIa

8ωe

sin (2ωet+ ϕ)− VdcIa

4ωe

cos (ωet+ ϕ) + idcVa

3ωe

cos (ωet)
(1.3)

According to the numerical results presented in [37], the normalised peak-to-peak capacitor
voltage fluctuation could be greater than 40 % of its dc mean value for the low-frequency range
(see Fig. 1.5). Moreover, these capacitor voltage fluctuations can affect the voltage rating of
semiconductors, make the system unstable or cause over-modulation. For these reasons, some
authors suggest that voltage fluctuations should be less than 10 % of the DC means value
to avoid these problems [9, 14]. The results shown in [37] were obtained for an induction
machine whose specifications are summarised in Table 1.1.
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Figure 1.5: Normalised capacitor-voltage fluctuation and normalised cluster
rms current [37]. (a) Capacitor-voltage fluctuation. (b) Cluster rms current.

Table 1.1: Parameters of the induction machine employed in [37].

Parameter Value Unit
Rated output power 15 kW
Rated frequency 50 Hz
Rated line-to-line rms voltage 380 V
Motor power factor 0.71 -
Rated rotating speed 1460 r/min
Rated stator rms current (IMrat) 32 A
Mutual inductance 60 mH
Pole number 4 -
Moment of inertia 0.2 kgm2

Due to high-voltage oscillations, circulating currents and common-mode voltage are often
utilised to balance the converter energy and mitigate capacitor voltage fluctuations [9, 14,
38–41]. However, as shown in Fig. 1.5, power and voltage oscillations depend on the AC
port’s operating point (motor torque and frequency). For example, when the frequency of
the machine increases, the voltage fluctuations naturally decrease due to the filtering effect
of the capacitors. Nevertheless, simultaneously, the machine requires higher voltage, leading
to a reduction in cluster voltages available for injecting a high common-mode voltage. As a
result, most of the control strategies described in the literature employ different approaches
based on the operating frequency [10, 11, 15].

The aforementioned analysis is equally applicable to any element connected to the AC port
since, as discussed earlier, the DC-link voltage, the current in the cluster, and the operating
frequency are the primary factors influencing voltage oscillations in the capacitors.
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1.2. Hypotheses and Goals
The main hypotheses that support this thesis are presented below. This thesis explores

using model predictive control strategies in modular multilevel converters for drive and wind
energy applications. In drive applications, these strategies exhibit key characteristics such as
optimal limitations on cluster currents and voltages within the MMC. Moreover, they offer a
comparatively simpler control structure when compared to other control systems described
in the literature. In the context of wind energy applications, the proposed strategy stands
out for its prominent feature of eliminating the need for circulating currents to balance the
voltages across the capacitors.

1. The power-voltage and voltage-current models of the MMC can be used to develop a two-
stage CCS-MPC that regulates the capacitor voltages and circulating current references,
including current and voltage constraints.

2. The optimal saturation of currents and voltages in the MMC can be achieved through the
utilisation of CCS-MPC. This saturation is challenging to achieve using SISO-based anti-
windup scheme algorithms. Limiting each component independently does not guarantee
that the cluster current or voltage is properly limited or fully exploited.

3. It is not necessary to predefine the waveform, phase, and sequence of the circulating
currents. Instead, these currents are obtained automatically by the algorithm. There-
fore, if the common-mode voltage waveform or the output port frequency changes, the
algorithm adjusts the circulating currents automatically, without modifying the con-
trol system. It is important to emphasise that this becomes indispensable when using
Single-Input Single-Output-based control systems.

4. It is possible to utilise an external controller to adjust the weighting factors of the CCS-
MPC cost function and maintain capacitor voltage fluctuations within an appropriate
range. This enables the utilisation of the same control strategy for both high and low
frequencies. In MMC control, ensuring the regulation of capacitor voltages within an
acceptable range is imperative to guarantee the proper functioning of the converter. Ho-
wever, achieving this requirement at low frequencies presents a challenge. Additionally,
the weighting factor controller can be employed to apply a consistent control strategy
across both high and low frequencies, eliminating the need to define transition methods
between regions.

5. The power-voltage and voltage-current models can be used to develop a one-stage CCS-
MPC, including current and voltage constraints. Implementing a single optimisation
problem to handle the capacitor voltages and circulating currents can reduce the compu-
tational burden compared to the two-stage CCS-MPC. This controller considers both
dynamics and constraints in a single cost function.

6. In certain wind energy applications, and considering hybrid MMC, it is possible to
achieve voltage balancing and mitigation of voltage oscillations in the capacitors without
using circulating currents.
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1.2.1. Project Goals

1.2.1.1. General Goal

To develop a new compact and straightforward CCS-MPC strategy that allows the ope-
ration of the Modular Multilevel Converter for drive and wind energy applications over the
full range of frequencies, including an optimal limitation of cluster currents and voltages.

1.2.1.2. Specific Goals

1. To develop a CCS-MPC algorithm for achieving capacitor voltage balance in an MMC-
based drive for induction machines across the entire operating range.

2. To design a CCS-MPC algorithm for controlling circulating currents, incorporating op-
timal limitation of the currents and voltages.

3. To propose a weight factor adaptation method to keep the capacitor voltages within the
defined voltage oscillation band.

4. To integrate the voltage oscillations and circulating currents control in a single optimi-
sation problem, including current and voltage constraints.

5. To analyse the computational burden of the proposed CCS-MPC algorithms.

6. To propose a CCS-MPC algorithm for the capacitor voltage balance in the full range of
operation of the permanent magnet synchronous generator without requiring circulating
currents.

7. To implement a HIL set-up and simulate the proposed control strategies.

8. To build an experimental prototype of an 18-cell (each) 5 kW back-to-back hybrid-MMC,
for validating the control strategies discussed in this document.

1.3. Summary of Contributions
Below is a list of the contributions made to the state of the art, which clearly demonstrates

the impact of this doctoral work, as well as some of the conclusions associated with the work
conducted. Therefore, the following contributions were obtained at the end of this Ph.D.
research:

1. A two-stage CCS-MPC strategy for regulating capacitor voltages and circulating cu-
rrents in MMC-based drives is developed in this work (see Chapter 2). The CCS-MPC
methodology effectively addresses the challenges of voltage and current saturation, which
are difficult to achieve with conventional linear controllers due to multiple frequency
components and positive/negative sequences in each cluster current. The proposed CCS-
MPC algorithm simplifies saturation control by considering maximum current and vol-
tage constraints, achieving optimal saturation without over-modulation. The MIMO
design approach offers advantages over SISO designs by accounting for cross-couplings
between state variables. The CCS-MPC algorithm automatically determines waveform
shape, frequency, electrical sequences, and phase shifts for circulating currents without
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predefined parameters. Experimental results demonstrate high performance and seam-
less transition between low-frequency and high-frequency operation with the proposed
CCS-MPC algorithm.

2. An enhanced single-stage two-step CCS-MPC algorithm for MMC operating with va-
riable output frequency is also developed (see Chapter 3). The algorithm employs a
predictive control strategy for regulating capacitor voltages and balancing energy using
circulating currents. A single cost function incorporating MMC states and constraints
leads to a single global optimum. A compensating algorithm based on the Moore-Penrose
pseudoinverse matrix effectively reduces circulating currents and improves MMC effi-
ciency, particularly at low frequencies. The control methodologies enable fixed weight-
cost matrices for low-frequency and high-frequency operation. Experimental validation
using an 18-cell MMC prototype driving a 7.5 kW-cage induction machine demonstrates
excellent dynamic and steady-state performance with reduced computational burden.

3. A CCS-MPC approach was proposed for a hybrid-MMC driving a direct-drive PMSG in
variable speed wind energy applications (see Chapter 4). The CCS-MPC algorithm con-
trols common-mode and DC-link voltages, enabling operation within a predetermined
range. The control system allows the grid-side converter to function at a higher DC-link
voltage, reducing the required DC-link current. Experimental validation demonstrates
that the reference for common-mode voltage, obtained using a Moore-Penrose pseudo-
inverse matrix algorithm, is a third harmonic waveform that balances capacitor voltages
and increases the modulation index. The proposed control system is validated using a
system composed of two 5 kW hybrid-MMCs in a back-to-back configuration, showing
excellent performance in variable-speed and fixed-speed wind profiles.

1.4. Published Works
Presented below is a compilation of papers generated as an outcome of this doctoral pro-

ject, categorised into two sections: published papers and papers currently pending publication
or undergoing the review process.

1.4.1. Published Papers:

1. Y. Arias-Esquivel, R. Cárdenas, M. Urrutia, M. Díaz, L. Tarisciotti, and J. C. Clare,
“Continuous Control Set Model Predictive Control of a Modular Multilevel Converter
for Drive Applications,” IEEE Transactions on Industrial Electronics, vol. 70, no. 9, pp.
8723–8733, 2023, doi: 10.1109/TIE.2022.3210515. Q1 journal paper. Impact Factor: 7.7.
Abstract: The Modular Multilevel Converter is a good alternative for high power, me-
dium voltage drive applications due to its modularity and scalability. However, the con-
trol is complex and typically involves several highly-coupled circulating current feedback
loops implemented using Single-Input Single-Output design tools. Additionally, each cir-
culating current has many different frequency components and electrical sequences to
increase the degrees of freedom in the controller. In this work, the use of Continuous
Control Set Model Predictive Control is proposed in order to include cross-coupling and
interactions between the state variables and consider the system constraints, such as
maximum current and maximum output voltage. The controller is intended for drive
applications and is designed to operate with good dynamic performance over the entire
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speed range of the machine. The control methodology proposed is experimentally vali-
dated using an 18-cell MMC prototype driving a cage machine. Additional experimental
tests are performed using PLECS-RT HIL platforms.

2. Y. Arias-Esquivel, R. Cárdenas, L. Tarisciotti, M. Díaz, and A. Mora, “A Two-Step
Continuous-Control-Set MPC for Modular Multilevel Converters Operating with Va-
riable Output Voltage and Frequency,” IEEE Transactions on Power Electronics, vol.
38, no. 10, pp. 12091–12103, 2023, doi: 10.1109/TPEL.2023.3288490. Q1 journal paper.
Impact Factor: 6.7.
Abstract: This paper presents a new enhanced single-stage two-step Continuous Con-
trol Set Model Predictive Control (CCS-MPC) algorithm, for Modular Multilevel Con-
verters (MMCs) operating with variable output frequency at the AC port. The propo-
sed two-step CCS-MPC allows the implementation of feed-forward compensation of the
one-step ahead perturbations at the AC side, using an algorithm based on the Moore–
Penrose pseudoinverse matrix. Limitations of the current and voltages in the MMC
clusters are implemented to avoid overmodulation and overcurrents, being the solution
of the constrained CCS-MPC online solved using the active-set method. Without losing
generality, the experimental validation of the single-stage CCS-MPC is performed using
an 18-cell MMC prototype, driving a 7.5 kW cage induction machine operating in a wide
speed range. A dSPACE MicroLabBox platform is used to control the MMC-based dri-
ve by implementing the CCS-MPC algorithm, the modulation stage and the active-set
method. It is experimentally demonstrated that the compensation of the low-frequency
perturbations allows a considerable reduction in the required circulating currents at the
low-frequency operation of the drive. Reduction in the capacitor voltage ripple, impro-
ved efficiency, and a smaller Total Harmonic Distortion (THD) in the output currents
are also achieved with the proposed single-stage two-step CCS-MPC.

3. C. Burgos-Mellado, C. Zuñiga-Bauerle, D. Muñoz, Y. Arias-Esquivel, R. Cárdenas-
Dobson, T. Dragičević, F. Donoso, A. Watson, “Reinforcement Learning-Based Method
to Exploit Vulnerabilities of False Data Injection Attack Detectors in Modular Multile-
vel Converters,” IEEE Transactions on Power Electronics, vol. 38, no. 7, pp. 8907-8921,
2023, doi: 10.1109/TPEL.2023.3263728. Q1 journal paper. Impact Factor: 6.7.
Abstract: Implementing control schemes for modular multilevel converters (M2Cs) in-
volves both a cyber and a physical level, leading to a cyber-physical system (CPS). At
the cyber level, a communication network enables the data exchange between sensors,
control platforms, and monitoring systems. Meanwhile, at the physical level, the semi-
conductor devices that comprise the M2C are switched ON/OFF by the control system.
In this context, almost all published works in this research area assume that the CPS
always reports correct information. However, this may not be the case when the M2C
is affected by cyber-attacks, such as the one named false data injection attack (FDIA),
where the data seen by the control system is corrupted through illegitimate data intru-
sion into the CPS. To deal with this situation, FDIA detectors for the M2C are recently
starting to be studied, where the goal is to detect and mitigate the attacks and the attac-
ked sub-modules. This paper proposes a reinforcement learning (RL)-based method to
uncover the deficiencies of existing FDIAs detectors used for M2C applications. The pro-
posed method auto-generates complex attack sequences able to bypass FDIA detectors.
Therefore, it points out the weaknesses of current detectors: This valuable information
can be used later to improve the performance of the detectors, establishing more reliable
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cybersecurity solutions for M2Cs. The RL environment is developed in Matlab/Simulink
augmented by PLECS/blockset, and it is made available to researchers on a website to
motivate future research efforts in this area. Hardware-in-the-loop (HIL) studies verify
the proposal’s effectiveness.

4. C. Gallardo, C. Burgos-Mellado, D. Muñoz, Y. Arias-Esquivel, A. Kumar-Verma, A.
Navas-Fonseca, R. Cárdenas-Dobson, T. Dragičević, “Reinforcement Learning-based Fal-
se Data Injection Attacks Detector for Modular Multilevel Converters,” IEEE Transac-
tions on Industrial Electronics, 2023, doi: 10.1109/TIE.2023.3312433. Q1 journal paper.
Impact Factor: 7.7.
Abstract: The modular multilevel converter (MMC) is a prominent solution for me-
dium to high-voltage, high-power conversion applications. Recently, distributed control
strategies have been proposed to make this converter modular in terms of software and
control hardware. In this control architecture, high-level control tasks are performed by a
central controller (CC), whereas low-level control tasks are achieved by local controllers
(LCs) placed on the MMC sub-modules. The CC and LCs use a cyber-physical system
(CPS) to share all the necessary information to execute their respective control schemes.
In this context, the CPS is vulnerable to cyber-attacks, such as the false data injection
attack (FDIA), where the data seen by the controllers is corrupted through illegitima-
te data intrusion. This cyber-attack may degrade the MMC performance, producing
suboptimal or even unstable operations. Even more, diverse FDIAs can be generated
using artificial intelligence methods to deceive FDIA detectors. This paper proposes an
FDIA detector based on the reinforcement learning (RL) technique to detect sophis-
ticated FDIAs targeting the MMC control system. The performance of the proposed
RL-based FDIA detector is verified via Hardware-in-the-loop (HIL) studies, showing
its effectiveness in detecting sophisticated attack sequences affecting the MMC control
system.

1.4.2. Papers Submitted or Pending Publication:

1. Y. Arias-Esquivel, R. Cárdenas, M. Díaz, and L. Tarisciotti, “Continuous Control Set
Model Predictive Control of a Hybrid-MMC for Wind Energy Applications,” IEEE
Transactions on Industrial Electronics, 2023. Q1 journal paper. Impact Factor: 7.7.
Abstract: This paper discusses a continuous control set model predictive control sys-
tem of a hybrid modular multilevel converter, driving a direct drive permanent magnet
synchronous generator, for variable-speed wind energy applications. The hybrid con-
verter enables operation at a reduced DC-link voltage without the need for circulating
currents, even during low-frequency operation in the AC port. To further reduce cluster
currents, the capacitor voltages are allowed to oscillate inside predefined voltage limits.
The control system is based on a single-step predictive control algorithm, whose outputs
are the DC-link and common-mode voltages required to balance the converter energy.
Furthermore, it is demonstrated in this work that the reference for the common-mode
voltage, obtained using an algorithm based on the Moore-Penrose pseudo-inverse matrix,
is a third harmonic waveform which can be used to balance the capacitor voltages, as
well as increase the modulation index. The proposed control system is validated using a
Hardware-in-the-Loop platform and an experimental system consisting of a 5 kW back-
to-back hybrid modular multilevel converter, controlled using dSPACE MicroLabBox
platforms. The generator is emulated using a programmable power supply.
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2. A. Navas-Fonseca, C. Burgos-Mellado, Y. Arias-Esquivel, A. Kumar-Verma, A. Mora,
D. Muñoz and R. Cárdenas-Dobson, “Distributed predictive control for capacitor vol-
tage balancing in a Cascaded H-Bridge Based STATCOM,” In Power Electronics and
Application (EPE), 2023 25th European Conference.
Abstract: This paper proposes a distributed model predictive control (DMPC) sche-
me for inter-cell and inter-cluster capacitor voltage balancing control of a cascaded H-
bridge multilevel static synchronous compensator (STATCOM). The proposed DMPC
does not require a central controller to perform these control tasks as they are coopera-
tively performed by local controllers placed in the STATCOM cells. Three case scenarios
are analysed to highlight the features of the proposed control scheme. The results de-
monstrate that the DMPC scheme is able to manage large communication delays and
communication failures.

1.5. Outline of the Dissertation
This thesis follows the “thesis by published papers” format of the University of Chile.

According to this format, the Ph.D. candidate is required to have a minimum of two accepted
journal papers, which are then incorporated as chapters in the thesis. Since each paper is self-
contained, there may be some repetition between chapters, as they discuss similar or related
information. Depending on the supervisor’s requirements, additional chapters or appendices
can be included.

Hence, this thesis consists of chapters corresponding to three journal papers where the
author is the first author. Two of these papers have already been published in IEEE Transac-
tions on Industrial Electronics (TIE) and IEEE Transactions on Power Electronics (TPEL),
both esteemed journals with first-quartile rankings and impact factors of 7.7 and 6.7, respec-
tively. The third paper is currently undergoing the first round of review for publication in
IEEE Transactions on Industrial Electronics.

Due to the thesis format, the hypotheses, contributions, and overall conclusions of this
project are closely intertwined with the papers used as chapters. The correlation between
these elements is presented in Table 1.2.

Table 1.2: Structure and relation of this thesis

Chapter Related paper Hypothesis Contribution
1 2 3 4 5 6 1 2 3

2 (2) (TIE) ✗ ✗ ✗ ✗ ✗

3 (3) (TPEL) ✗ ✗ ✗ ✗

4 (4) (Submiteed TIE) ✗ ✗
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Chapter 2

Continuous Control Set Model
Predictive Control of a Modular
Multilevel Converter for Drive
Applications

This chapter is based on the journal paper:

Y. Arias-Esquivel, R. Cárdenas, M. Urrutia, M. Díaz, L. Tarisciotti, and J. C. Clare,
“Continuous Control Set Model Predictive Control of a Modular Multilevel Converter for
Drive Applications,” IEEE Transactions on Industrial Electronics, vol. 70, no. 9, pp. 8723–
8733, 2023, doi: 10.1109/TIE.2022.3210515. Q1 journal paper. Impact Factor: 7.7.

Abstract: The Modular Multilevel Converter is a good alternative for high power, me-
dium voltage drive applications due to its modularity and scalability. However, the control
is complex and typically involves several highly-coupled circulating current feedback loops
implemented using Single-Input Single-Output design tools. Additionally, each circulating
current has many different frequency components and electrical sequences to increase the
degrees of freedom in the controller. In this work, the use of Continuous Control Set Model
Predictive Control is proposed in order to include cross-coupling and interactions between
the state variables and consider the system constraints, such as maximum current and ma-
ximum output voltage. The controller is intended for drive applications and is designed to
operate with good dynamic performance over the entire speed range of the machine. The
control methodology proposed is experimentally validated using an 18-cell MMC prototype
driving a cage machine. Additional experimental tests are performed using PLECS-RT HIL
platforms.
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2.1. Introduction
The Modular Multilevel Converter (MMC) was proposed by Marquardt in 2003 [42], for

high-voltage DC transmission [8, 43]. However, in recent years its use has been extended to
applications such as Medium-Voltage Motor Drives, Power Quality Improvement [4, 10], etc.
The popularity of this converter for high-power applications is due, among other reasons, to
its power and voltage scalability, high efficiency and reduced dv/dt in the voltages [8]. The
MMC topology is shown in Fig. 2.1; the converter is composed of six clusters, an AC port, a
DC port, and six inductors. Each cluster consists of “n” half-bridges each of them equipped
with a floating capacitor.

Cluster

2

2

Port

Port

i

i

Figure 2.1: Modular Multilevel Converter Topology.

Control of the MMC is complex, considering the Multiple-Input Multiple-Output (MIMO)
characteristic of the converter, where multiple control objectives have to be achieved. For
example, it is necessary to regulate the voltage of the floating capacitors, balance the energy
stored in each arm, regulate the circulating currents, and control the currents and voltages
at the AC and DC ports [8, 9]. As reported in several publications (e.g. [10–12]) this is
difficult to achieve for drive applications, particularly when the output frequency at the
AC port is low [8, 13, 15]. For these applications, the operating range is typically divided
into two modes, namely Low-Frequency Mode (LFM) and High-Frequency Mode (HFM)
[9, 10, 13]. Each of these operating modes requires a different control strategy typically based
on multiple Single-Input Single-Output (SISO) designed control loops. Although LFM and
HFM separation provides control of an MMC-based drive over the entire operating range
[10, 11, 15], better dynamic performance can be achieved using MIMO controllers [44].

The MMC has six energy components which have to be actively balanced, to control the
total energy stored in the MMC capacitors [16] and to achieve LFM or HFM operation.
For example, during HFM, two circulating currents are utilised for energy balancing purpo-

14



ses; however, each circulating current comprises a DC component, a positive sequence AC
component and a negative sequence AC component [10]. The solution normally proposed in
the literature is to design the controllers neglecting cross-coupling between the energies and
the circulating current components (e.g. see [11, 17]), rendering sub-optimal performance
[18, 19]. To improve the control performance, MIMO controllers have been proposed in [18].
Nevertheless, conventional MIMO controllers cannot include constraints such as maximum
current and maximum output voltage in each arm [19]; moreover, saturation limitation of the
currents and voltages is difficult to achieve even in the case of decoupled SISO controllers.
For instance, as demonstrated in [16], the implementation of anti-windup schemes to limit se-
parate components of the circulating currents, renders a sub-optimal saturation performance
for the total current.

Recently, Model Predictive Control (MPC) has been proposed for power converter control
due to its flexibility and simplicity [20, 21]. MPC algorithms can be designed to include
multiple constraints, achieving a fast dynamic response, and can be applied to MIMO systems
[4, 22]. For power electronic applications, the most widely used MPC methodology is based on
Finite Control Set (FCS) algorithms or FCS-MPC [45]. However, FCS-MPC schemes produce
variable switching frequency [46, 47] and, for converter structures with a high number of
switching states, may result in an unfeasible computational burden for the control platform
(see [4]). Conversely, a Continuous Control Set (CCS) MPC algorithm offers a constant
switching frequency [48] and the external modulation stage reduces the computational burden
[19, 49] of the MPC algorithm. In fact, unlike the conventional FCS-MPC applications to
MMC, where the computational burden is heavily dependent on the total number of SMs
(see [4, 48]), the computational burden of the proposed CCS-MPC is relatively low and has
an almost fixed value which is independent of the number of half-bridge cells.

There are relatively few publications proposing CCS-MPC algorithms for MMC control. In
[48], a simplified optimisation problem with only two constraints is proposed and graphically
solved. In [19], more constraints are used to limit the total currents in the MMC and the
arm voltages. A MATLAB solver is used in [19] to obtain the solution of the optimisation
problem and the proposed methodology has been validated using simulation. Neither [48],
nor [19] discuss control methods that can be applied to MMC-based drives where the voltage
and frequency at the AC port are variable.

In this work, a two-stage CCS-MPC algorithm is proposed. The outer CCS-MPC regulates
the MMC capacitor voltages while the inner CCS-MPC regulates the currents. The decoupled
model discussed in [11, 12] is used to implement the CCS-MPC. When compared to previous
work in the area of MMC control for drive applications, the contributions of this work are:
1) The first CCS-MPC algorithm proposed for the control of MMC-based drives is presented
and experimentally validated using an 18-cell MMC-based prototype driving a cage machine.
It is experimentally shown that two MIMO CCS-MPC algorithms can replace ten or even
more SISO controllers typically used in MMC-based drive applications. 2) The implementa-
tion of the proposed CCS-MPC is simplified when compared to conventional control systems
reported in the literature. For instance, in [9, 11–13], the parameters of the circulating cu-
rrents, such as waveform shape, phase, electrical sequence, frequency, among others, have
to be predefined. This is unnecessary and automatically accomplished using the proposed
CCS-MPC algorithm. 3) Optimal limitation of the arm currents and voltages in an MMC is
easily achieved with CCS-MPC using constraints [50], while it is extremely problematic in a
conventional control system [11, 16]; 4) The proposed CCS-MPC algorithm can operate in
either LFM or HFM with a seamless optimal transition between modes, in contrast to other
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control systems reported in [10, 11, 40].
The rest of this paper is organised as follows. In Section 2.2, the MMC modelling is briefly

described. The MPC formulation to regulate the capacitor voltages and circulating currents
are provided in Section 2.3. In Section 2.4 hardware in the loop results are discussed and, in
Section 2.5, experimental work is presented. Finally, Section 2.6 presents the conclusions.

2.2. Modelling of the MMC
The decoupled model of the MMC discussed in this section has been reported in pre-

vious works [10, 12], and for completeness, it is briefly addressed here. This work utilises
the Σ∆αβ0-transformation to represent the voltages and currents of the MMC. Using the
transformed currents and voltages a simplified decoupled model is obtained (see [10, 12]).

The Σ∆αβ0-transformation is defined by

[X]Σ∆
αβ0

.= [T ]Σ∆ · [X]P N
abc · [C]αβ0 (2.1)

where [X]P N
abc represents the matrix with the instantaneous abc variables (e.g. capacitor vol-

tages, arm currents, etc.) to be transformed, and the matrices [T ]Σ∆ and [C]αβ0 are given
by

[T ]Σ∆ =
[1

2
1
2

1 −1

]
, [C]αβ0 =


2
3 0 1

3
−1

3
1√
3

1
3

−1
3 −

1√
3

1
3

 (2.2)

By applying this transformation to the converter voltages and currents, the dynamics of
the MMC can be divided into two models, as shown below. Using the circuit of Fig. 2.1 and
applying Kirchhoff’s voltage law, the current-voltage model describing the dynamics of the
currents is defined as [15]

Vdc

2

[
1 1 1
1 1 1

]
=
[
vP

a vP
b vP

c

vN
a vN

b vN
c

]
+ L

d

dt

[
iPa iPb iPc
iNa iNb iNc

]
+
[

va vb vc

−va −vb −vc

]
(2.3)

Then, applying (2.1) to (2.3) yields the following transformed model:

1
2

[
0 0 Vdc

0 0 0

]
=
[
vΣ

α vΣ
β vΣ

0
v∆

α v∆
β v∆

0

]
+ L

d

dt

[
iΣα iΣβ

1
3idc

iα iβ 0

]
+ 2

[
0 0 0
vα vβ v0

]
(2.4)

where iΣα and iΣβ are the arm circulating currents, idc is the DC port current, v0 is the common-
mode voltage and vα, vβ, iα and iβ are the machine voltages and currents. These variables
are expressed in αβ0-coordinates.

The instantaneous cluster power can be obtained by using the voltages and currents[12, 13],
i.e., pj

i = vj
i i

j
i ∀ i ∈ {a, b, c} and j ∈ {P,N}. Assuming that the capacitor voltages are close to

the reference v∗
C , this power is related to the voltage of the capacitors using the approximation:

d

dt

[
vP

Ca vP
Cb vP

Cc

vN
Ca vN

Cb vN
Cc

]
≈ 1
nCv∗

C

[
pP

a pP
b pP

c

pN
a pN

b pN
c

]
(2.5)
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where n is the number of capacitors per cluster, C is the capacitance of each submodule
and vP

Ca, vP
Cb, etc., are the capacitor voltages. Applying the Σ∆αβ0-transformation to the

power-voltage model of (2.5) yields,

d

dt

[
vΣ

Cα vΣ
Cβ vΣ

C0
v∆

Cα v∆
Cβ v∆

C0

]
≈ 1
nCv∗

C

[
pΣ

α pΣ
β pΣ

0
p∆

α p∆
β p∆

0

]
(2.6)

Replacing (2.3) and (2.4) in (2.6) and after several manipulations (2.7) is obtained (see
[10, 12]); notice that in (2.7) the symbol “◦” represents the dot product between vectors and
the superscript “c” is the complex conjugate operator. The power pΣ

αβ
= pΣ

α + jpΣ
β is a vector

that represents the power that is transferred between the converter phases.

pΣ
αβ

= 1
2Vdci

Σ
αβ −

1
4
(
iαβvαβ

)c
− 1

2v0iαβ (2.7a)

p∆
αβ

= 1
2Vdciαβ −

2
3idcvαβ −

(
vαβi

Σ
αβ

)c
− 2v0i

Σ
αβ (2.7b)

p∆
0 = −

(
vαβ ◦ iΣαβ

)
− 2

3idcv0 (2.7c)

pΣ
0 = 1

6Vdcidc −
1
4
(
vαβ ◦ iαβ

)
(2.7d)

The vector p∆
αβ

and the scalar p∆
0 represent the power flow between the upper and lower

clusters. Finally, in (2.7d), pΣ
0 represents the power that is transferred between the AC port

and the DC port of the MMC; this latter power is not considered in the MPC formulation
since it does not depend on the circulating currents.

2.3. Proposed Control Scheme for the MMC
A control system based on nested CCS-MPC algorithms is designed and implemented as

shown in Fig. 2.2. The outer CCS-MPC regulates the voltages of (6), with the exception of
vC0

Σ, which is dependent on pΣ
0 [see (2.7d) above] and is regulated by a PI controller. The inner

CCS-MPC regulates the circulating current iΣαβ while balancing of the cell-capacitor voltages
in each cluster is performed by a sorting-based modulation algorithm [21]. As extensively
discussed in [11], during LFM operation, the voltage v∆

Cαβ is approximately equal to the total
capacitor voltage oscillation around the cluster average voltage. Therefore, in Fig. 2.2 the
reference v∆∗

Cd represents the peak magnitude of |v∆
Cαβ| which is desired (or allowable) in the

capacitor voltage oscillations during LFM.
In this work, it is assumed that the MMC is feeding an induction machine that is contro-

lled using a conventional rotor-flux orientated vector control method (see [12, 17]) which is
implemented outside the proposed CCS-MPC algorithm. Fig. 2.3 shows the control block dia-
gram for the AC [Fig. 2.3(a)] and DC [Fig. 2.3(b)] ports, where v∆

dF and v∆
qF are feed-forward

terms, and ω0 is the frequency of v0. During LFM, a trapezoidal common-mode voltage in-
teracting with the circulating currents [see the term 2v0i

Σ
αβ in (2.7b)] is used to compensate

the large low-frequency capacitor voltage oscillations. As discussed in Section 2.1, circula-
ting currents must include multiple frequency components to balance the capacitor voltages
properly. However, note that the current waveforms will have trapezoidal components at
LFM to compensate for power oscillations caused by the 0.5Vdciαβ term when a trapezoidal
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Figure 2.2: Overall Control Scheme for the Modular Multilevel Converter.
The term v∆∗

Cd represents the maximum oscillation allowed at low frequency
operation.

common-mode voltage is used. The trapezoidal waveform allows the magnitude of the cir-
culating currents to be reduced. A comparative study on the effects of using sinusoidal and
square wave circulating currents is presented in [51]. The amplitude of the common-mode
voltage is regulated using (2.8). In this equation, a voltage margin of ≈ 20 % in the cluster
voltages is considered to ensure control of the circulating currents [40, 52, 53] and to manage
external perturbations. As shown, (2.8) assumes that the machine stator voltage is dependent
on a V/F relationship; therefore, the voltage margin to synthesise Vo during LFM is larger.
The trapezoidal voltage is automatically removed at HFM using the information from the
weighting factor controller (see Section 2.3.2).

V0 = 0.8Vdc

2

(
1− ωe

ωn

)
(2.8)

where ωn is the nominal machine frequency.
Finally, to solve the CCS-MPC problem, an active-set method is used [54]. For optimal

problems with a reduced number of restrictions, such as the one discussed in this work, the
active-set algorithm is usually one of the best in terms of speed and accuracy compared
to methods such as interior-point or gradient projection [55, 56]. Details concerning the
implementation of the algorithm are discussed extensively in [16], and a detailed description
of the active-set method is presented in [50], chapter 16.

2.3.1. Mitigation and Balancing Control

For balancing purposes, a discrete-time state model of the system is obtained by substi-
tuting (2.7a) - (2.7c) in (2.6) and applying the forward Euler approximation. Considering a
sample time Ts, the discrete-time model is given by (2.9), where K = Ts/(nCv∗

C). To avoid
the unfeasible computational burden typically produced by a long prediction horizon [57], a
single-step prediction algorithm is implemented in this work.
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Figure 2.3: AC and DC port controllers. (a) Machine Control and (b) Total
Energy Control.



v∆
Cα(k + 1)
v∆

Cβ(k + 1)
v∆

C0(k + 1)
vΣ

Cα(k + 1)
vΣ

Cβ(k + 1)


︸ ︷︷ ︸

xk+1

≈



1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1


︸ ︷︷ ︸

A



v∆
Cα(k)
v∆

Cβ(k)
v∆

C0(k)
vΣ

Cα(k)
vΣ

Cβ(k)


︸ ︷︷ ︸

xk

+K



−vα(k)− 2v0(k) vβ(k)
vβ(k) vα(k)− 2v0(k)
−vα(k) −vβ(k)

1
2Vdc 0

0 1
2Vdc


︸ ︷︷ ︸

B

[
iΣα(k)
iΣβ (k)

]
︸ ︷︷ ︸

uk

+K



1
2Vdciα(k)− 2

3idc(k)vα(k)
1
2Vdciβ(k)− 2

3idc(k)vβ(k)
−2

3idc(k)v0(k)
1
4iβ(k)vβ(k)− 1

4iα(k)vα(k)− 1
2iα(k)v0(k)

1
4iβ(k)vα(k) + 1

4iα(k)vβ(k)− 1
2iβ(k)v0(k)


︸ ︷︷ ︸

dk

(2.9)

Using (2.9) the discrete state space equations can be written as
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xk+1 = Axk + Buk + dk (2.10)

The one-step delay compensation algorithm presented in [58] is applied to (2.10). The
formulation of the outer CCS-MPC stage is given by:

min
xk+1,uk

xT
k+1Qxk+1 + uT

k Ruk

s.t. xk+1 = Axk + Buk + dk

Guk ≥W

(2.11)

where xk is the state vector measured at time instant k, xk+1 are the prediction of the state
vector at time k + 1, and uk is the control vector. A is the system matrix, B is the input
matrix, and Q, R are the weighting matrices that penalise the states and control actions,
respectively. Finally, dk represents the set of measurable disturbances in the system, and G,
W are the constraints imposed on the control actions. The weighting matrices are diagonal
and defined as:

Q = Diag[λ∆
α , λ

∆
β , λ

∆
0 , λ

Σ
α , λ

Σ
β ], R = Diag[λU

α , λ
U
β ] (2.12)

In this work matrices Q and R are both positive definite and, for LFM operation, the
weighting factors λ∆

α and λ∆
β are modified online as a function of the magnitude of the

capacitor voltage oscillations (see the block labelled “weighting factor adaptor” in Fig. 2.2).
This approach is further discussed in Section 2.3.2. The remaining weighting factors are
defined as 1.

To simplify the optimal problem [16, 44, 45], the equality constraint of (2.11) is included
in the cost function, yielding:

min
uk

uT
k Huk + 2

[
(Axk + dk)T F

]
uk

s.t. Guk ≥W
(2.13)

where

H = BT QB + R
F = QB

(2.14)

Solving (2.13) (by implementing the active-set method in the control platform), the opti-
mal circulating current vector iΣαβ is obtained. Matrices H and F have to be updated at each
sampling time since the system is a time variant. Notice that in (2.9), the common-mode
voltage is included as a disturbance. For LFM operation, the optimal circulating currents are
automatically obtained by solving (2.13) and considering v0. Notice that the pre-definition of
circulating current frequency, waveform shapes, phase shifts and sub-component sequences
is no longer required. This feature is one of the important contributions of this paper and it
is also applicable to HFM operation.

For saturation limitation to the cluster currents, the circulating currents are limited to
±imax by the CCS-MPC outer stage; the value of imax is selected considering the thermal
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limits of the MMC devices and components (see [16]). To perform this limitation, the cluster
currents are defined in Σ∆αβ0 coordinates as:



iPa
iPb
iPc
iNa
iNb
iNc


=



1
3idc + 1

2iα + iΣα
1
3idc − 1

4iα −
1
2i

Σ
α +

√
3

2 i
Σ
β +

√
3

4 iβ
1
3idc − 1

4iα −
1
2i

Σ
α −

√
3

2 i
Σ
β −

√
3

4 iβ
1
3idc − 1

2iα + iΣα
1
3idc + 1

4iα −
1
2i

Σ
α +

√
3

2 i
Σ
β −

√
3

4 iβ
1
3idc + 1

4iα −
1
2i

Σ
α −

√
3

2 i
Σ
β +

√
3

4 iβ


(2.15)

Limiting these currents to −imax ≤ iji ≤ imax ∀ i ∈ {a, b, c} and j ∈ {P,N} produces a
total of 12 constraints. However, after analysing (2.15) the constraints can be reduced to six,
by exploiting symmetries in the currents iPx and iNx of phase “x”, ∀ x ∈ {a, b, c}. After some
manipulation, (2.16) and (2.17) are obtained:

−1 0
1
2 −

√
3

2
1
2

√
3

2
1 0
−1

2

√
3

2
−1

2 −
√

3
2


︸ ︷︷ ︸

G

[
iΣα(k)
iΣβ (k)

]
≥



−imax −min (i1, i4)
−imax −min (i2, i5)
−imax −min (i3, i6)
−imax + max (i1, i4)
−imax + max (i2, i5)
−imax + max (i3, i6)


︸ ︷︷ ︸

W

(2.16)



i1
i2
i3
i4
i5
i6


=



−1
3idc(k)− 1

2iα(k)
−1

3idc(k) + 1
4iα(k)−

√
3

4 iβ(k)
−1

3idc(k) + 1
4iα(k) +

√
3

4 iβ(k)
−1

3idc(k) + 1
2iα(k)

−1
3idc(k)− 1

4iα(k) +
√

3
4 iβ(k)

−1
3idc(k)− 1

4iα(k)−
√

3
4 iβ(k)


(2.17)

2.3.2. On-Line Adaptation of the Cost Function Weights

The optimal algorithm of (2.13) is designed to drive the voltage unbalances in the capa-
citors to zero. However, when the system is operating at LFM, a relatively large circulating
current interacting with the common mode voltage v0 [see (2.7b)] is required to drive the
voltage vector v∆

Cαβ to zero. Nevertheless, as discussed in previous publications [9, 11], the
converter can perform adequately when the capacitor voltage oscillations are maintained
within a band of ≈ 10 % of the reference voltage. To achieve this target a variable weight
strategy is proposed and the weights λ∆

α = λ∆
β are obtained from the output of a PI con-

troller (see Fig. 2.2) which acts on the error between a banded reference v∆∗
Cd and the peak

oscillating voltage obtained from the capacitor voltage measurements [processed using the
Σ∆αβ0 transform of (2.2)]. As discussed in [11], during LFM operation, the voltage v∆

Cd is
approximately equal to the peak magnitude of the capacitor voltage oscillations. A complete
discussion of the relationship between the voltage fluctuations and v∆

Cdq is presented in [11].
The weighting factor control is implemented in a d− q frame rotating at the frequency of
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the AC port (ωe) and orientated along the voltage vector v∆
Cαβ. When the AC-port frequency

ωe increases, the voltage oscillations v∆
Cαβ naturally decrease due to the filtering effect of the

submodule capacitors. This allows the implementation of a simple seamless transition between
LFM to HFM and vice versa, i.e. when the weights λ∆

αβ are below a predefined threshold, the
system is considered in HFM; therefore, the trapezoidal common-mode voltage v0 could be
reduced or indeed it is no longer required.

2.3.3. Circulating Current Control
In this work, a second inner CCS-MPC stage is proposed to control the circulating currents

(see Fig. 2.2) with the model being obtained from (2.4). To obtain a discrete-time model of
the currents the forward Euler approximation is applied.[

iΣα(k + 1)
iΣβ (k + 1)

]
︸ ︷︷ ︸

xk+1

=
[
1 0
0 1

]
︸ ︷︷ ︸

A

[
iΣα(k)
iΣβ (k)

]
︸ ︷︷ ︸

xk

+ −Ts

L

[
1 0
0 1

]
︸ ︷︷ ︸

B

[
vΣ

α (k)
vΣ

β (k)

]
︸ ︷︷ ︸

uk

(2.18)

The inner CCS-MPC receives a circulating current reference from the output of the outer
CCS-MPC stage [see (2.13)] and minimises the following cost function:

min
xk+1,uk

(xk+1 − x∗)T Q (xk+1 − x∗)

+ (uk − u∗)T R (uk − u∗)
s.t. xk+1 = Axk + Buk

Guk ≥W

(2.19)

where A,B and X are defined in (2.18); x∗ is the reference state which is equal to the
circulating current reference iΣ∗

αβ, and u∗ is the equilibrium control action that brings the
system to x∗. Furthermore, u∗ can be obtained as a function of the reference state by

u∗ = B−1(I−A)x∗ (2.20)

In this case, u∗ is zero considering that A = I [see (2.18)]. More details about the resulting
equilibrium point are presented in [45]. Simplifying (2.19) by including xk+1 = Axk + Buk

in the cost function, yields:

min
uk

uT
k Huk + 2

[
(Axk − x∗)T F

]
uk

s.t. Guk ≥W
(2.21)

where F and H are obtained from (2.14).
The diagonal matrices Q and R are 2x2, where Q = Diag[λΣ′

α , λ
Σ′
β ] and R = Diag[λU ′

α , λ
U ′
β ].

As discussed in [45], if the weights of R are too small, the CCS-MPC algorithm has a fast
dynamic response and high sensitivity to noise (i.e similar to a dead-beat response [45]).
Using both Q and R the CCS-MPC dynamic and steady-state responses can be tailored for
a particular application.

Equation (2.21) yields the voltage vector vΣ
αβ that optimises the cost function. Due to

hardware limitations, the voltages synthesised by each cluster [vP
a , vP

b , vP
c , vN

a , vN
b and vN

c ]
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are bounded between zero up to the maximum voltage achievable without producing over-
modulation [vP

Ca, vP
Cb, vP

Cc, vN
Ca, vN

Cb and vN
Cc]. Using the Σ∆αβ0 transform, the cluster voltages

are obtained as:
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b
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c

vN
a

vN
b

vN
c
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∆
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∆
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∆
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∆
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∆
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∆
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∆
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∆
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∆
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√
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∆
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(2.22)

Considering the upper and lower limits, (2.22) represents 12 constraints. Using symmetries
in the voltages vP

x and vN
x of phase “x", ∀ x ∈ {a, b, c} these 12 constraints can be reduced

to 6, yielding: 

−1 0
1
2 −

√
3

2
1
2

√
3

2
1 0
−1

2

√
3

2
−1

2 −
√

3
2


︸ ︷︷ ︸

G

[
vΣ

α (k)
vΣ

β (k)

]
≥



−min
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v1 + vP

Ca(k), v4 + vN
Ca(k)
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)
−min

(
v3 + vP
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Cc(k)
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max (v2, v5)
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︸ ︷︷ ︸

W

(2.23)

where
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∆
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∆
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∆
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∆
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∆
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∆
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√
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(2.24)

Notice that a well-designed MMC has an adequate voltage margin to synthesise vΣ
αβ (see

[53]); however, in case the control action has a very high dynamic response the constraints
of (2.23) are required in (2.21) to avoid over-modulation during transients.

2.4. HIL and Simulation Results
A HIL platform is used in this section to perform work that requires a good repeatability

between tests, or tests that could exceed some ratings in the experimental systems.

2.4.1. System Performance and Constraints Operation for Load
Changes

Two PLECS-RT Box-1 HIL platforms are employed to model the MMC and the vector-
controlled induction machine with a time step of 6.5 µs. The control system is implemented
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using a dSPACE MicroLabBox (see more details in Section 2.5). The HIL model utilises the
parameters and weights used in the experimental system (see Table 2.1).
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Figure 2.4: HIL results of the saturation limitation of the circulating cu-
rrents to limit the clusters’ currents. Left: without saturation, right: 18 A
saturation. (a) and (e) Cluster currents iP

a , iP
b , etc. (b) and (f) Machine

currents ia, ib and ic. (c) and (g) Circulating currents iΣ
α and iΣ

β . (d) and
(h) Capacitor voltages vP

Ca1, vP
Ca2, etc.

Two tests were performed for an output frequency of ≈ 4 Hz (≈ 240 rpm). In every test, a
predefined maximum limit was used for the arm currents; additionally, for each test, a torque
impact between 0 to ≈ 60 % of the nominal torque is applied to the electrical machine,
for 0.1 s ≤ t ≤ 0.5 s. Note that v∆∗

Cd = 11.25 V. Fig. 2.4 shows the experimental results
illustrating (from top to bottom) the cluster currents, the machine currents, the circulating
currents and the capacitor voltages. The results depicted in Fig. 2.4(a)-(d) correspond to
operation without any current constraints. On the other hand Fig. 2.4(e)-(h) shows the
performance of the control system for current limits of 18 A. It should be noted that this
18 A limit is arbitrarily selected, to demonstrate the performance of the constraints in the
CCS-MPC algorithm, and does not necessarily reflect nominal ratings. Notice that the step
torque transient increases the current in the MMC arms, reducing the margin allowed for the
circulating currents. For the unconstrained case of Fig. 2.4(a)-(d), the total current in the
arms has peaks of ≈ 28 A. However, regulation of the capacitor voltages is very good with
all of them maintained well inside the predefined band. Figs 2.4(e)-(h) show the performance
of the algorithm when the limit of 18 A is enforced. It is illustrated that the limitation is
achieved by reducing the circulating currents iΣαβ without affecting the induction machine
stator currents. The capacitor voltages are slightly affected by the step change in the torque
current, however, after a fast transient, they return to their previous values.
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To validate operation with cluster voltage constraints, a trapezoidal v0 of 202.5 V peak
is used; i.e. a relatively high value of v0 is arbitrarily applied in this test, reducing the
voltage margin available for regulating iΣ∗

αβ and forcing operation with the constraints in
(2.21) activated. Fig. 2.5 shows the performance with and without voltage restrictions and
with the induction machine operating at 240 rpm (≈ 4 Hz). As before, v∆∗

Cd = 11.25 V (see
Fig. 2.2) and the torque step transient is imposed for 0.1 s ≤ t ≤ 0.5 s.
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Figure 2.5: HIL results of the clusters output voltages with (right) and
without (left) saturation limitation. (a)-(b) Total cluster voltage vP

Ca and
cluster output voltage vP

a , (c)-(d) total cluster voltage vN
Ca and cluster out-

put voltage vN
a , (e)-(f) circulating current iΣ

α and its reference iΣ∗

α , (g)-(h)
machine currents ia, ib and ic.

From top to bottom, Fig. 2.5 shows the voltages synthesised by leg A, the α-axis circulating
current, and the machine currents. Additionally, graphs (a), (b), (c) and (d) include the total
cluster voltages in red. Without voltage constraints, the peak voltages synthesised by the
arms exceed the total cluster voltages, producing over-modulation and some distortion in the
machine currents as shown in Fig. 2.5(g). Conversely, when voltage constraints are included,
the voltages synthesised in the arms are limited by the total cluster voltages as shown in Fig.
2.5(b) and Fig. 2.5(d); note that even the low voltage capacitor fluctuations produced in vP N

Ca

are considered by the inner-CCS algorithm when synthesising the voltages vP N
a . However, the

voltage limitations of (2.23), used in the constrained-optimisation problem of (2.19), limit
the control effort of the inner CCS-MPC algorithm. Clearly, saturation limitation reduces the
tracking performance producing an increased circulating current tracking error (iΣ∗

αβ−iΣαβ). The
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dispersion of the circulating current tracking error increases from σ ≈ 0.35 A (unconstrained
case) to σ ≈ 0.75 A (constrained case). Nevertheless, Fig. 2.5(b) and Fig. 2.5(d) show that the
capacitor voltages are relatively well regulated, with voltage fluctuations comparable to those
obtained for the unconstrained case. When the constraints are enabled, the machine current
THD [see Fig. 2.5(h)] is ≈ 0.5 % whereas, for the case without constraints [see Fig.2.5(g)],
the THD increases to 1.8 % due to over-modulation.

2.4.2. Performance Comparison of Conventional SISO-Based Con-
trol System and Proposed two-stage CCS-MPC

The performance of the proposed CCS-MPC is compared to that obtained by the SISO-
based control system discussed in [11]. For both cases, it is assumed that the machine stator
frequency is 1.7 Hz (≈ 100 rpm). The results are shown in Fig. 2.6 with the CCS-MPC
results being shown at the right. The SISO-based control system also includes an allowable
capacitor-voltage oscillation band. The same operating conditions and common-mode voltage
are used to perform a fair comparison.
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Figure 2.6: MMC static performance at LFM using multiple SISO control
loops (left) and proposed two-stage CCS-MPC (right). (a)-(b) Total cluster
voltages vP

Ca and vN
Ca, (c)-(d) Circulating currents iΣ

α and iΣ
β , (e)-(f) Machine

current ia, (g)-(h) Cluster currents iP
a and iN

a .

When analysing Fig. 2.6, the advantages of using the CCS-MPC strategy are clear. The
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proposed controller significantly reduces the peak circulating currents at this operating point
[see Fig. 2.6(c)-(d)] and also reduces the cluster currents by 30 %. This improvement is due
to the much faster dynamic response and higher bandwidth of the predictive controller, and
the fact that the shape, frequency, phase and sequence of the circulating currents are auto-
matically and optimally adjusted by the CCS-MPC algorithm of (2.13). According to the
results obtained here, the circulating current component, which interacts with v0 in the term
2v0i

Σ
αβ of (2.7b), has a lower peak than that produced by the SISO implementation proposed

in [11] because the CCS-MPC can generate trapezoidal waveforms in the circulating currents
allowing for reduced semiconductor current stress. The reduction in the peak circulating cu-
rrents during LFM could improve the converter efficiency in this operating mode. However,
efficiency studies are considered outside the scope of this work. The effects of trapezoidal cir-
culating currents on semiconductor current ratings and capacitor dimensioning are discussed
in [40].

As mentioned before, it should be noted that the scheme proposed in [11] does not include
globally managed constraints on the circulating currents, unlike the proposed CCS-MPC.
Therefore to limit the cluster currents, conventional anti-windup schemes are considered in
the SISO-implemented PIs and resonant controllers. Moreover, as stated before, optimal sa-
turation is not simple to achieve in SISO control of MMC. In [11], the circulating currents are
regulated by seven independent PI controllers instead of a single MIMO controller. Imple-
menting seven anti-windup schemes to limit the output currents of seven PI controllers leads
to sub-optimal solutions (see [16]), compared to those achieved by the CCS-MPC algorithms.
This is further discussed in Section 2.1 and demonstrated in [16].

2.5. Experimental Results
Validation of the proposed control scheme is performed using the MMC-based motor drive

prototype shown in Fig. 2.7, whose parameters are given in Table 2.1. As mentioned in Section
2.3.1, the weighting factors used in the outer controller are unity (i.e., λ∆

0 = λΣ
α = λΣ

β = λU
α =

λU
β = 1) except for λ∆

α and λ∆
β , which are the only ones adjusted by the weighting factor

controller (see Section 2.3.2). On the other hand, the weighting factors used in the inner
controller are λΣ′

α = λΣ′
β = 1 and λU ′

α = λU ′
β = 1 × 10−3. To control the system, a dSPACE

MicroLabBox platform is used, which is composed of a Freescale QorIQ P5020 dual-core 2
GHz processor and a Xilinx Kintex-7 XC7K325T FPGA. In this implementation, the FPGA
performs an In-Phase Carrier Disposition (IPD-PWM) modulation scheme and a sorting
algorithm. At the same time, the processor executes the optimisations, the active-set solver
and the remaining control algorithms. The control platform includes 32 parallel ADCs that
are used to simultaneously perform and store all the measurements in FPGA registers.

The MMC drives a 7.5 kW vector-controlled induction machine connected to a permanent
magnet synchronous generator (PMSG). A resistor bank has been connected to the PMSG
output to provide an electrical load. Hall effect transducers are used to measure the capacitor
voltages and cluster currents. A 10, 000 ppr position encoder is fixed to the machine shaft.
18 optical-fibre links transmit the switching signals from the control platform to the gate
drivers of the MOSFET switches (model IXFH72N30X3, nominal ratings of 72 A, 300 V, 15
mΩ On-Resistance). For the 10 kHz switching frequency, a sampling time of 50 µs is used
for the implementation of the control algorithms.
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MicroLabBox

Fibres
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Figure 2.7: Experimental system. At the top left is the dSPACE Microlab-
Box connected to an optical-fibre interface board. At the bottom left is the
cage machine driving a PMSG. At the right is the 18-cell MMC prototype.

Table 2.1: MMC and Induction machine parameters

Symbol Parameter Value Unit
C Submodule capacitance 2,200 µF
L Cluster inductance 2.5 mH
v∗

C Submodules DC voltage 150 V
n Submodules per cluster 3 -
fs Carrier frequency 10 kHz
Vdc DC port voltage 450 V
P Power 7.5 kW
Vm Machine RMS voltage 380 V
f Frecuency 50 Hz
p Pole number 2 -
Rs/Rr Stator/rotor resistances 367/533 mΩ
Ls/Lr/Lm Stator/Rotor/Mutual inductances 139/139/135 mH

2.5.1. Dynamic Performance of the Control Strategy

Validation of the dynamic performance of the proposed CCS-MPC strategy is tested over
a large operating speed range, including operation at standstill (ωe = 0). Fig. 2.8 shows the
experimental results, where a zoom-in on the capacitor voltages and converter currents at
LFM and HFM is provided for Figs 2.8(a)-(d). In this test, the different operating regions
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Figure 2.8: System response to a ramp speed variation. (a) Cluster currents
iP
a , iP

b , etc., (b) Machine currents ia, ib and ic, (c) Circulating currents iΣ
α

and iΣ
β , (d) Capacitor voltages vP

Ca1, vP
Ca2, etc., (e) Weighting factors λ∆

α and
λ∆

β , and (f) Machine speed ωr. The zoom-in on the time axis is performed
at t = 10 s (HFM) and t = 25 s (LFM) with a time interval of 50 ms for
both cases.

and the behaviour of the system for the LFM-HFM transition can be observed. A tolerance
band of v∆∗

Cd = 11.25 V (see Fig. 2.2), which represents 7.5 % of the capacitor voltage reference
v∗

C , is used in the variable weight strategy and is illustrated in Fig. 2.8(d) by the red lines.
The low-frequency region, where the control strategy operates in LFM, is indicated by a
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blue band. As shown in Fig. 2.8(d), the capacitor voltages are maintained inside the 7.5 %
tolerance bounds even when the machine operates at a very low frequency during the initial
start-up. Notice that during HFM all the capacitor voltages remain well inside the predefined
band even when all the λ∆

αβ are adjusted to the minimum value.
In Fig. 2.8(e) the weighting variations λ∆

α and λ∆
β are analysed. Initially, the weights have

a relatively high value because the machine is at standstill with only the magnetising current
id applied to the stator (i.e. LFM operation with ωe ≈ 0). At t = 0, when the torque current
is applied, the weighting factors increase [see Figs. 2.8(b) and (e)]. However, when the AC-
port frequency is relatively large, the capacitor filtering effect naturally reduces the voltage
oscillations. Consequently, the values of the weighting factors [see Fig. 2.8(e)], circulating
currents [see Fig. 2.8(c)] and total arm currents [see Fig. 2.8(a)] are also reduced. Moreover,
during HFM and in steady state operation (12 s < t < 12.03 s), the THD is only 0.7 %.
Regulation of the weighting factors to maintain the capacitor voltages inside a predefined
band also allows a seamless transition between LFM and HFM as depicted in Fig. 2.8(e) for
t < 6 s and between 19.2 s < t < 28.1 s. This is also shown in the scope shot of Fig. 2.9 where
an amplified view of the transition between LFM to HFM is depicted. When the weighting
factors are reduced from a peak value of ≈ 30 to ≈ 4 the trapezoidal common-mode voltage
is eliminated and the HFM mode is enabled.

Notice that the proposed methodology is different to that reported in some previous
publications (see [9, 10, 15]), where a stator frequency value (ωe) is used as a hard limit
between LFM and HFM, e.g. ωe = 12 Hz [9] that is enforced regardless of the magnitudes of
the circulating currents and capacitor voltage oscillations. Additionally, the optimal algorithm
of (2.13) automatically adjusts all the circulating current parameters to optimise the cost
function as shown in Fig. 2.10. The top waveform corresponds to the common mode voltage
and the medium and bottom waveforms correspond to the circulating currents iΣα and iΣβ
respectively. Here the machine is operating with a stator frequency of ≈ 4 Hz (i.e. LFM
operation), and a stator current of 5 A.

𝑖𝛽
Σ

𝑖𝛼
Σ

𝑣0

𝜆𝛼𝛽
Δ

Figure 2.9: Transition region from LFM to HFM. Yellow: common-mode
voltage, green: weighting factors, blue and red: circulating currents.

In Fig. 2.10, for 0 ≤ t < 100 ms a trapezoidal 100 Hz waveform for v0 is used. This
waveform is changed to a 150 Hz sinusoidal waveform by the control algorithm for 100 ms
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Figure 2.10: Experimental results obtained for an online “on the fly” change
of the waveform shape and frequency of the common-mode voltage. Yellow:
common-mode voltage, green and blue: circulating currents.

≤ t ≤ 200 ms. It can be observed that these circulating current components, obtained from
(2.19), (2.21), automatically adopt the same phase shift, frequency and waveform shape as
the common mode voltage, confirming that predefinition of circulating current parameters
is not required in the proposed algorithm. As shown in Fig. 2.10, for a sinusoidal v0 the
circulating current peak value is increased.

Additionally, the execution time was measured during the test shown in Fig. 2.8. This
computation time includes the analogue-to-digital conversions and all calculations performed
by the QorIQ P5020 processor. The maximum execution time obtained during the test was
15.8 µs, which represents 31.6 % of the total sampling period. Note that the optimisation
problems described in Sections 2.3.1 and 2.3.3 do not depend on the number of converter
submodules. Therefore, as aforementioned, the computational complexity of the two-stage
CCS-MPC does not depend on the number of submodules per cluster, unlike most strategies
based on FCS-MPC [4]. In addition, it should be noted that the sorting algorithm can be
efficiently implemented in the FPGA taking advantage of its parallel computing capabilities
[21]. For example, the modulation and sorting algorithms are executed in less than 10 ns
for this implementation. Moreover, to further investigate the computational burden, the
conventional SISO strategy proposed in [11] was implemented. The execution time obtained
for this control proposal was 14.9 µs. Although the computational burden of the algorithm
presented in [11] is lower, this difference is negligible, less than 1 µs, or about 1.8 % of the
time period available.

2.6. Conclusions
This paper has presented a two-stage CCS-MPC strategy for regulating the capacitor vol-

tages and the circulating currents of MMC-based drives. As discussed in this paper, saturation
of voltages and currents are important tasks which are very difficult to address using conven-
tional linear controllers considering that, in a typical MMC-based drive, each cluster current
may have components of several frequencies and positive and negative sequences. However,
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saturation of voltages and currents is simple to achieve using the proposed CCS-MPC metho-
dology where the maximum currents allowed in each cluster can be considered as constraints
as well as the maximum voltage to be synthesised without producing over-modulation. To
solve the intrinsic optimisation problem formulated from the MPC, an Active-Set algorithm,
implemented in the dSPACE MicroLabBox, has been integrated into the proposed control
methodology.

An important feature of the proposed CCS-MPC is design simplicity because MMC-based
drives are MIMO converters. Therefore, designing the control systems using a MIMO-design
approach has advantages over the conventional approach of utilising many SISO-designed
controllers which are implemented considering simplified models where most of the cross-
couplings between the different state variables are neglected. Moreover, for the proposed
CCS-MPC algorithm the predefinition of the waveform shape, frequency, electrical sequen-
ces, and even phase shifts for the circulating currents are not necessary; all these parameters
are automatically obtained when solving the constrained-optimisation methodology proposed
in this work. Additionally, the circulating current is optimal and, according to the results ob-
tained in this research effort, for the same common-mode voltage and during LFM operation,
the peak values of the circulating currents are usually lower than that obtained using con-
ventional control systems. The effects of the proposed CCS-MPC, on the efficiency achieved
at LFM operation, will be addressed in future work.

The experimental results presented in this work show the high performance and good
dynamic performance achieved by the proposed two-stage CCS-MPC algorithm for both,
LFM and HFM operation. Moreover, a seamless transition between LFM to HFM operation
and vice versa has been achieved with the proposed control method.

32



Chapter 3

A Two-Step Continuous-Control-Set
MPC for Modular Multilevel
Converters Operating with Variable
Output Voltage and Frequency

This chapter is based on the journal paper:

Y. Arias-Esquivel, R. Cárdenas, L. Tarisciotti, M. Díaz, and A. Mora, “A Two-Step
Continuous-Control-Set MPC for Modular Multilevel Converters Operating with Variable
Output Voltage and Frequency,” IEEE Transactions on Power Electronics, vol. 38, no. 10,
pp. 12091–12103, 2023, doi: 10.1109/TPEL.2023.3288490. Q1 journal paper. Impact Factor:
6.7.

Abstract: This paper presents a new enhanced single-stage two-step Continuous Con-
trol Set Model Predictive Control (CCS-MPC) algorithm, for Modular Multilevel Converters
(MMCs) operating with variable output frequency at the AC port. The proposed two-step
CCS-MPC allows the implementation of feed-forward compensation of the one-step ahead
perturbations at the AC side, using an algorithm based on the Moore–Penrose pseudoinver-
se matrix. Limitations of the current and voltages in the MMC clusters are implemented
to avoid overmodulation and overcurrents, being the solution of the constrained CCS-MPC
online solved using the active-set method. Without losing generality, the experimental vali-
dation of the single-stage CCS-MPC is performed using an 18-cell MMC prototype, driving
a 7.5 kW cage induction machine operating in a wide speed range. A dSPACE MicroLabBox
platform is used to control the MMC-based drive by implementing the CCS-MPC algorithm,
the modulation stage and the active-set method. It is experimentally demonstrated that
the compensation of the low-frequency perturbations allows a considerable reduction in the
required circulating currents at the low-frequency operation of the drive. Reduction in the
capacitor voltage ripple, improved efficiency, and a smaller Total Harmonic Distortion (THD)
in the output currents are also achieved with the proposed single-stage two-step CCS-MPC.
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3.1. Introduction
Modular multilevel converters have been widely used in medium/high voltage applications

due to their prominent features of modularity and scalability [1, 4, 5]. This topology was
initially proposed for High-Voltage Direct-Current (HVDC) applications [42, 59]. However,
due to its advantages, the applications of MMCs have been extended to low-frequency AC
transmission [60], wind-energy systems, variable-speed motor drives [1, 2], etc. Companies
such as Siemens and Benshaw offer commercial solutions for MMC-based medium voltage
drives: the Sinamics Perfect Harmony GH150 and M2L Series, respectively. The GH150 of
Siemens operates in a voltage range from 4 kV to 13.8 kV [35] and the M2L of Benshaw is
designed to work in a voltage range from 2.3 kV to 7.2 kV [36]. These converters are typically
utilised for compressors, pumps, blowers, fans and other applications related to the oil and
gas industry [2]; more information about the commercial solutions for MMC-based drives,
already available in the market, is discussed in [2]. One of the possible topologies for an MMC
operating with variable output voltage is the MMC-based drive shown in Fig. 3.1, which is
composed of a DC port (left-hand side of Fig. 3.1) and an AC port (right-hand side of Fig.
3.1) where the electrical machine is connected.

Although the modularity of the MMC is one of its main advantages, the use of floating
capacitors presents an additional control challenge compared to conventional Voltage Sour-
ce Converters (VSCs). Moreover, the voltages fluctuations in the capacitors are inversely
proportional to the operating frequency and proportional to the AC port current [11, 40].
Therefore, two modes of operation are usually defined for the control of MMC-based drives
depending on the operating frequency; these modes are the Low-Frequency Mode (LFM) and
the High-Frequency Mode (HFM) [9, 10].
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Figure 3.1: Modular Multilevel Converter.

From the control point of view, modular multilevel converters are Multiple-Input Multiple-
Output (MIMO) systems [18]. Nevertheless, they are typically controlled assuming Single-
Input Single-Output (SISO) control loops [10, 11, 61], which are perfectly decoupled [15, 17,

34



40]. However, this is an oversimplification, and the control designed using SISO tools produces
a suboptimal performance [44, 62, 63]. To improve the control system’s performance, MIMO
control design techniques have been proposed in [18]. However, with conventional MIMO
control systems, handling constraints is not always feasible while it is important for MMC
operations [16], for instance, in anti-windup algorithm design.

Recently, Model Predictive Control (MPC) has been proposed as a promising alternative
for MMC control [19, 63]. MPC is an ideal multi-variable control method for MIMO systems
where constraints can be included in the MPC formulation to ensure that the converter ope-
rates within safe operating limits. The most widely used MPC approach in power electronics
is Finite Control Set MPC (FCS-MPC), where an external modulation stage is not conside-
red [45, 64]. However, in MMCs, the computational burden of FCS-MPC algorithms grows
exponentially with the number of submodules (SMs), making it computationally infeasible
[4, 64]. Moreover, the absence of a modulation stage in FCS-MPC produces a variable swit-
ching frequency. Conversely, a Continuous Control Set MPC (CCS-MPC) with an external
modulator produces a constant switching frequency [48], with a computing burden which is
fairly independent of the number of SMs in the converter [19].

There are relatively few publications discussing CCS-MPC algorithms for MMC appli-
cations. In [65], the operation of an MMC with variable output frequency is presented and
experimentally validated for a CCS-MPC algorithm. However, the dynamics of capacitor vol-
tages are not considered as states but rather as weights in the cost function. This results in a
time-variant weight matrix, which is not demonstrated to always be positive semi-definite, as
required for a well-defined cost function [45]. In [62], a CCS-MPC algorithm for the control
of an MMC driving an induction machine is presented and experimentally validated, consi-
dering two separate CCS-MPC algorithms, for the capacitor voltages and circulating current
regulations, respectively. However, since the two cost functions are optimised independently,
a global optimum is not necessarily achieved by the control system.

In [66], a sequential phase-shifted MPC is presented for MMC driving a RL load at the
AC port. In this work, LFM operation at the AC port is not discussed, and currents and
voltage restrictions are not considered in the optimisation problem.

This paper proposes an enhanced single-stage CCS-MPC algorithm, where a single cost
function is considered to optimally regulate the capacitor voltages and the circulating cu-
rrents. The proposed algorithm can be used to operate an MMC with variable output fre-
quency, and it is experimentally validated using a prototype composed of an 18-cell MMC
driving a 7.5 kW induction machine operating at LFM and HFM. When compared to previous
work in the field, the contributions of this work are

• To achieve a single global optimum, a single-stage CCS-MPC is proposed, which com-
bines in a single quadratic cost function capacitor voltages and circulating current re-
gulation. Constant positive semi-definite and positive definite weight matrices are used
in the optimal problem, avoiding ill-conditioned cost functions.

• A novel feed-forward disturbance compensation is proposed to reduce the circulating
current magnitude at LFM. This algorithm is based on the Moore-Penrose pseudoinverse
(see Section 3.3.4) and the input tracking concept [67].

• Unlike most of the previous works in predictive control of MMCs [63, 66, 67], constraints
for the capacitor voltages and converter currents, as well as soft constraints, are directly
included in the CCS-MPC algorithm (see Appendix 3.1). The constrained optimisation
problem is online solved using the active-set method [50].
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The rest of this article is organised as follows. In Section 3.2, the model of the MMC
is described. The CCS-MPC formulation to regulate the capacitor voltages and circulating
currents are provided in Section 3.3. In Section 3.4, experimental work is presented. Finally,
Section 3.5 presents the conclusions.

3.2. Mathematical Model of the MMC
Decoupled models of modular multilevel converters have already been published in the

literature [10, 12, 68]. For completeness, the model used in this work (based on [10]), is
briefly discussed below.

3.2.1. Power-model of the MMC
Referring to Fig.1 and applying Kirchhoff’s voltage law, the voltage-current model can be

obtained as follows:

L
d

dt

[
iPa iPb iPc
iNa iNb iNc

]
= −

[
vP

a vP
b vP

c

vN
a vN

b vN
c

]
+ Vdc

2

[
1 1 1
1 1 1

]
+
[
−va −vb −vc

va vb vc

]
(3.1)

The power fluctuations in each cluster can be obtained as pj
i = vj

i i
j
i ∀ i ∈ {a, b, c} and

j ∈ {P,N} (see [12, 13]). If the capacitor voltage oscillations are relatively small, then the
capacitor voltages are obtained from (3.2), as:

nCv∗
C

d

dt

[
vP

Ca vP
Cb vP

Cc

vN
Ca vN

Cb vN
Cc

]
≈
[
pP

a pP
b pP

c

pN
a pN

b pN
c

]
(3.2)

where v∗
C is the DC capacitor voltage reference and vj

Ci are the capacitor voltages.
As shown in (3.1), the converter dynamics are coupled in the natural abc frame. In this

work, the Σ∆αβ0-transformation [10, 12] is used to decouple the state variables dynamics
and simplify the MMC control. The transform is defined as:

XΣ∆
αβ0

.= CΣ∆ ·XP N
abc ·CT

αβ0 (3.3)

where XP N
abc is the matrix composed of the abc-coordinates variables to be transformed

(e.g., cluster currents, capacitor voltages, etc.). The matrices CΣ∆ and CT
αβ0 are defined as:

CΣ∆ =
[1

2
1
2

1 −1

]
, CT

αβ0 =


2
3 0 1

3
−1

3
1√
3

1
3

−1
3 −

1√
3

1
3

 (3.4)

By applying (3.3) to (3.1) the following decoupled model is obtained:[
vΣ

α vΣ
β vΣ

0
v∆

α v∆
β v∆

0

]
= −L d

dt

[
iΣα iΣβ

1
3idc

iα iβ 0

]
+ Vdc

2

[
0 0 1
0 0 0

]
− 2

[
0 0 0
vα vβ v0

]
(3.5)

where iα, iβ, vα and vβ are the AC port currents and voltages, v0 is the common-mode voltage,
idc is the DC port current, and iΣα and iΣβ are the circulating currents. The voltages on the
left-hand side of (3.5) are synthesised by the clusters of the MMC. All these variables are
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expressed in Σ∆αβ0-coordinates.
The Σ∆αβ0-transformation can also be applied to (3.2) to obtain the power-voltage model

as follows:
nCv∗

C

d

dt

[
vΣ

Cα vΣ
Cβ vΣ

C0
v∆

Cα v∆
Cβ v∆

C0

]
≈
[
pΣ

α pΣ
β pΣ

0
p∆

α p∆
β p∆

0

]
(3.6)

After performing some mathematical manipulations (see [10, 12]) and neglecting the vol-
tage drops across cluster inductors, the powers can be expressed as shown in (3.7).

p∆
α = 1

2Vdciα −
2
3idcvα − iΣαvα + iΣβ vβ − 2iΣαv0 (3.7a)

p∆
β = 1

2Vdciβ −
2
3idcvβ + iΣβ vα + iΣαvβ − 2iΣβ v0 (3.7b)

p∆
0 = −iΣαvα − iΣβ vβ −

2
3idcv0 (3.7c)

pΣ
α = 1

2Vdci
Σ
α −

1
4iαvα + 1

4iβvβ −
1
2iαv0 (3.7d)

pΣ
β = 1

2Vdci
Σ
β + 1

4iβvα + 1
4iαvβ −

1
2iβv0 (3.7e)

pΣ
0 = 1

6Vdcidc −
1
4iαvα −

1
4iβvβ (3.7f)

3.2.2. State equations of the MMC

As shown in (3.6), the relationships between the capacitor voltages can be obtained con-
sidering the respective power component. For instance, (3.7)(a) can be rewritten as

dv∆
Cα

dt
≈ 1
nCv∗

C

[1
2Vdciα −

2
3idcvα − iΣαvα + iΣβ vβ − 2iΣαv0

]
(3.8)

Inspecting (3.7), it is concluded that five capacitor voltage components can be considered
as state variables. Differently, vΣ

C0, derived from (3.7)(f), is related to the total energy stored
in the capacitors of the converter. Considering that this state variable has a slow dynamic
which is not related to the circulating currents, it can be regulated by external PI controllers
as shown in Fig. 3.2.

PIPI

V1
2

Figure 3.2: DC Port control: capacitor average voltage controller.

The five remaining capacitor voltages derived from (3.7) are decoupled between them and
dependent on the circulating currents iΣ

αβ = iΣα +jiΣβ , which are also state variables. The state
equations of the circulating currents can be derived from (3.5) as

diΣ
αβ

dt
= −1

L
· vΣ

αβ (3.9)
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Finally, the model proposed in this work has seven state variables, i.e. two circulating cu-
rrents [iΣα iΣβ ]T [see (3.9)] and five capacitor voltages [v∆

Cα v
∆
Cβ v

∆
C0 v

Σ
Cα v

Σ
Cβ]T [see (3.7)(a)-(e)].

The voltages vΣ
αβ are synthesised by the MMC converter and used to regulate the circulating

currents. Notice that for a well-balanced MMC, the five capacitor voltage components, i.e.
v∆

Cα, v
∆
Cβ, v

∆
C0, v

Σ
Cα, v

Σ
Cβ are 0.

In this work, the AC port is separately controlled by an external control law related to the
application, e.g., speed control of a mechanical load, using field-orientated control techniques
or vector control of a wind generator. Therefore, the AC port output voltages and currents
vαβ and iαβ are considered as external perturbations in the CCS-MPC algorithm.

Considering the aforementioned state variables and perturbations, the state equations of
the MMC in the continuous domain are depicted in (3.10)

ẋ = Ax + Bu + d (3.10)

where the matrices x, A, B and u are defined as:

x =
[
iΣα iΣβ v∆

Cα v∆
Cβ v∆

C0 vΣ
Cα vΣ

Cβ

]T
u =

[
vΣ

α vΣ
β

]T
A =

[
02×2 02×5

Bv 05×5

]

B =
[

Bi

05×2

]
(3.11)

The matrix d contains the disturbances or perturbations which can be obtained from
(3.7)-(3.9) as shown in (3.12):

d =
[
02×1

dv

]
(3.12)

The sub-matrices Bv, Bi and dv are also obtained from (3.7)-(3.9) as,

Bv = 1
nCv∗

C



−vα − 2v0 vβ

vβ vα − 2v0

−vα −vβ
Vdc

2 0
0 Vdc

2

 (3.13)

Bi = − 1
L

[
1 0
0 1

]
(3.14)

and the matrix with the perturbations dv is obtained as
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dv = 1
nCv∗

C



1
2Vdciα − 2

3idcvα

1
2Vdciβ − 2

3idcvβ

−2
3idcv0

1
4iβvβ − 1

4iαvα − 1
2iαv0

1
4iβvα + 1

4iαvβ − 1
2iβv0

 (3.15)

Notice that the instantaneous power oscillations in the first two rows of (3.15) are very
important to compensate during LFM, because the low-frequency voltage and currents may
produce large capacitor voltage oscillations [see (3.7)(a)-(3.7)(b)]. Additionally, the matrices
Bv and dv are time variants [see (3.7)] and, for a discrete implementation, their one-step
ahead values have to be estimated at each sampling time. Finally, the matrix Bi is time-
invariant and obtained from (3.9).

3.2.3. Discrete-time Models

In order to apply the CCS-MPC method to control the capacitor voltage oscillations and
circulating currents, a discrete prediction model of these variables is required. Considering
the state equations of (3.10) and the matrices and vectors A, B, x and u of (3.11) some
simplifications are possible taking into account the following:

• The only state variables directly dependent on the voltages vΣ
αβ are the circulating

currents iΣ
αβ.

• The state variables representing the capacitor voltages v∆
Cα, v

∆
Cβ, v

∆
C0, v

Σ
Cα, v

Σ
Cβ are related

to the control inputs vΣ
αβ, through the states representing the circulating currents iΣ

αβ

[see (3.7)]. Therefore these currents are considered as pseudo ‘control inputs’ in (3.17).

Therefore, without loss of generality, (3.10) can be rewritten as:

ẋi = Aixi + Biu (3.16)

ẋv = Avxv + Bvxi + dv (3.17)

To obtain the discrete-time model of the circulating current dynamics, the forward Euler
method is applied to (3.16) with a sampling period of Ts, i.e.:

xi
k+1 = Ai

dxi
k + Bi

kui
k (3.18)

where Ai
d is a 2×2 identity matrix, xi

k = [iΣα(k) iΣβ (k)]T , Bi
k = TsB

i and ui
k = [vΣ

α (k) vΣ
β (k)]T .

Notice that ui
k is equal to the kth sample of uk [see (3.11)], i.e., the vΣ

αβ voltages, which are
synthesised by the converter.

The discrete-time model of capacitor voltage dynamics is obtained using the forward Euler
discretisation method of (3.17), i.e.:

xv
k+1 ≈ Av

dxv
k + Bv

kxi
k + dv

k (3.19)

where Av
d is a 5×5 identity matrix, Bv

k = TsB
v and dv

k = Tsd
v. The vectors xv

k and control
input uv

k are defined as:
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Figure 3.3: Overall Control Scheme for the MMC. The single-stage CCS-
MPC is discussed in Section 3.3.1 and utilises an active-set solver. The in-
puts to the CCS-MPC are the reference currents obtained from the Moore-
Penrose-based implementation (discussed in Section 3.3.4). Notice that the
band-control system discussed in section 3.3.3, is also required to calculate
iΣ
αβ

∗. Finally the one-step estimations of dv
k+1, Bv

k+1 and AC/DC port mea-
surements are also required. The common-mode voltage, v0, is a degree of
freedom and typically has a different waveform shape for LFM/HFM ope-
ration.

xv
k =

[
v∆

Cα(k) v∆
Cβ(k) v∆

C0(k) vΣ
Cα(k) vΣ

Cβ(k)
]T

xi
k = uv

k =
[
iΣα(k) iΣβ (k)

]T (3.20)

The subscript k denotes discrete-time index in (3.18) and (3.19). Moreover, as aforemen-
tioned, the matrices Bv and dv are time variant, hence Bv

k ̸= Bv
k+1 and dv

k ̸= dv
k+1.

3.3. Proposed Continuous Control Set Model Predic-
tive Control

The proposed control system is shown in Fig. 3.3. The use of the PI controller depicted
in the left-hand side of the diagram is discussed in Section 3.3.3. The single-stage MPC
algorithm is discussed below.

3.3.1. Single-Stage CCS-MPC

To regulate the capacitor voltage fluctuation, a single-stage CCS-MPC is proposed in
this paper. This CCS-MPC algorithm combines the circulating currents, capacitor voltage
prediction models and restrictions in a single optimisation problem. However, the standard
cost function, which is typically based on a single-step prediction algorithm [45, 62, 65],
cannot be used in this application because there is not a cause-effect relationship between
the capacitor voltage vector xv

k+1 and the voltages uk = [vΣ
α (k) vΣ

β (k)]T synthesised by the
converter. In fact, according to (3.19), the capacitor voltages xv

k+1 are already established in
the kth time step.

The lack of causality between uv
k and xv

k+1 can be solved using a two-step algorithm
for the prediction of the capacitor voltages. Hence, for the proposed single-stage CCS-MPC
algorithm, the following cost function is proposed:
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min
xv

k+2,xi
k+1,uk,ξ

J = xv
k+2

T Qvxv
k+2 (3.21a)

+
(
xi

k+1 − x∗
)T

Qi
(
xi

k+1 − x∗
)

(3.21b)
+ uk

T Ruk + ξTλξξ (3.21c)
s.t. xv

k+2 = xv
k+1 + Bv

k+1x
i
k+1 + dv

k+1 (3.21d)
xi

k+1 = xi
k + Bi

kuk (3.21e)
Gvxi

k+1 ≥W v − 1T ξ (3.21f)
Giuk ≥W i (3.21g)

ξ ≥ 0 (3.21h)

In (3.21), superscripts i and v are used to identify the matrices and vectors corresponding
to (3.16)-(3.17) respectively. Moreover, as aforementioned, in this formulation vectors uv

k and
xi

k denote the same variables. Finally, the formulation of the optimisation problem, shown
in (3.21), has been simplified by considering that Ai

d and Av
d are identity matrices.

The first term in the cost function [see (3.21)(a)] is used to penalise the capacitor voltage
oscillations at the (k+ 2)th time step. The second term [see (3.21)(b)] penalises the tracking
error of the circulating currents at the (k + 1)th time step. Appropriate references of the
circulating currents (x∗) have to be computed to compensate for the disturbance vector
dv

k+1. This is further discussed in Section 3.3.4.
The third term at the left-hand side of (3.21)(c) penalises the control actions. Finally,

the fourth term of the cost function, at the right of (3.21)(c), penalises the slack variable
(ξ) used for softening state constraints. As discussed in several publications, soft constraints
are usually utilised in CCS-MPC algorithms for avoiding feasibility issues which can be
produced, among other things, by modelling errors and incorrect initialisation of the states
[44, 56, 69, 70]. In this work, only one slack variable (ξ) is used for softening the six current
constraints. The weighting matrices are diagonal and defined as shown in (3.22),

Qv = diag(λ∆v
α , λ∆v

β , λ∆v
0 , λΣv

α , λΣv
β )

Qi = diag(λΣi
α , λ

Σi
β )

R = diag(λU
α , λ

U
β )

(3.22)

where the Q matrices are positive semi-definite and the R matrix is positive definite. Addi-
tionally, λ∆v

α , λ∆v
β , etc., are the weighting factors of the states and control actions, and λξ is

the weighting factor of the slack variable. As aforementioned, for the proposed algorithm the
weight matrices are constant and not modified according to the AC port operating frequency.
Constraints are used to limit the circulating voltages and currents depending on the voltages
and currents available in the converter clusters. The constraints imposed on the circulating
currents (iΣα , iΣβ ) and control actions (vΣ

α , v
Σ
β ) are represented by Gv, W v and Gi, W i [see

(3.21)(f) and (3.21)(g)] respectively. These matrices are fully discussed in Appendix 3.1.
In this work, the weighting factors in the matrices Qv, Qi, and R are adjusted using the

branch and bound algorithm (refer to [71]). This algorithm enables the rejection of weight
factors that do not produce satisfactory performance. The effectiveness of the controller is
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assessed by measuring the deviation of the capacitor voltages within the allowable oscillation
range and the magnitudes of the circulating currents. Specifically, the weights in the matrices
Qi and R are adjusted to ensure adequate tracking of the reference signal x∗, whereas the
weights in the Qv matrix are adjusted to maintain well-regulated voltage oscillations around
the reference voltage v∗

C .
The optimisation problem of (3.21) can be simplified by substituting the voltage equality

constraints [see (3.21)(d)] and the current equality constraints [see (3.21)(e)] into the cost
function; i.e. in equations (3.21)(a)-(3.21)(c) and equations (3.21)(f)-(3.21)(g)]. After perfor-
ming the substitutions and considering some algebraic manipulations, the cost function of
(3.21) can be written in the compact form shown in (3.23),

min
ui

k

1
2ui

k

T
Hui

k + cT ui
k + ξTλξξ

s.t. GvBi
kui

k ≥W v −Gvxi
k − 1T ξ

Giui
k ≥W i

ξ ≥ 0

(3.23)

with

M =
(
Bv

k+1
T QvBv

k+1 + Qi
)

Bi
k

F = QvBv
k+1B

i
k

H = BiT
M + R

cT = MT xi
k + F T

(
xv

k+1 + dv
k+1

)
−Bi

k

T
QiT

x∗

(3.24)

Equation (3.24) can be further simplified by replacing the vector xv
k+1 using (3.19). The

prediction of Bv
k+1 and dv

k+1 is also required in (3.24).

3.3.2. Prediction of the Variables Considered in Bv
k+1 and dv

k+1

The time variant matrix Bv is shown in (3.13). Notice that the voltages vα and vβ are
external and depend on the operating point of the AC-output port. These voltages are simple
to predict by considering that the voltage magnitude is constant for the next sampling time
as shown in (3.25), i.e.:

vα(k + 1) + jvβ(k + 1) = [vα(k) + jvβ(k)] · ej∆θe (3.25)

where ∆θe is the one-sample variation of the output electrical angle. This compensation is
more important at HFM operation where the output frequency ωe is higher. Furthermore,
v0(k + 1) is known because it is a degree of freedom imposed by the control system. Under
these assumptions and considering constant DC port voltage, an estimation of the matrix
Bv

k+1 is obtained.
Regarding the disturbance vector dv, after inspecting (3.15) it is concluded that the es-

timation of dv
k+1 could require to predict the values of the machine currents. However, the

impact of the perturbation vector is more critical at LFM operation, where the low-frequency
oscillations produced in the first two rows of dv are difficult to compensate and the variation
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of the output current is slow. During HFM operation, the effect of dv is smaller because it is
naturally filtered out by the MMC capacitors.

The performance of the proposed CCS-MPC algorithm can be improved if the estimation
of the future disturbance vector dv

k+1 is used to obtain the value of x∗ of (3.21)(b). This is
discussed in Section 3.3.4.

3.3.3. Handling of the Disturbance Vector dv with Capacitor Vol-
tage Band-Control

By inspecting (3.19) it is concluded that in the absence of circulating currents, the capaci-
tor voltage fluctuations are dependent on the disturbance vector dv

k. Moreover, as discussed
in several publications (see [10, 12, 62]), the two first rows of (3.15) may produce capacitor
voltage oscillations of high amplitude during LFM operation [9, 11]. Therefore, during LFM,
large circulating currents are required if the voltage fluctuations, particularly in the v∆

Cαβ vol-
tage components [see (3.7)(a)-(b) and [11]] are overcompensated by the control system (see
[11, 40]). Nevertheless, regulating the capacitor voltage oscillations to ≈ zero is not man-
datory since, as reported in the literature, the MMC can operate appropriately if restricted
capacitor voltage fluctuations are permitted. For instance allowing voltage oscillations in a
band of ≈ ±5 % to ±10 % around the reference voltage v∗

C [9, 11].
This work proposes a simple PI controller to adjust the magnitude of the compensation

vector (x∗) of (3.21)(b) using a gain δ [see left-hand side of Fig. 3.3 and (3.28)]. The reference
to this control system is the maximum magnitude of the oscillating cluster voltages v∆ ∗

Cαβ

(see[11]) allowed in the converter at LFM operation. To tune this controller, the dynamic of
the v∆

Cαβ component of the capacitor voltage is considered, and this is thoughtfully discussed
and analysed in [11]. Considering the modelling discussed in that publication and using
simulation and experimental work, it is relatively simple to tune the controller. Finally, in
this work, experimental current steps, as shown in Fig. 3.6, have been used to assess the
dynamic response.

Using the aforementioned methodology, the speed of the |v∆
Cαβ| controller was adjusted

until a good dynamic response was obtained in all the operating ranges. Notice that when the
output frequency ωe increases, then the voltage oscillations v∆

Cαβ decrease due to the filtering
action of the capacitors. Hence, the circulating currents are naturally reduced, allowing a
simple and seamless transition between HFM to LFM and vice-versa.

3.3.4. Feed-Forward Compensation of the future Disturbance Vec-
tor dv

k+1

One of the important features of the two-step CCS-MPC algorithm, proposed in this work,
is to predict the reference of the circulating current vector iΣ∗

αβ, which will be required in the
next sampling time [i.e. the (k + 1)th time step] to compensate the variations in the time-
variant vector dv. This reference is obtained by assuming that the single-step prediction of
the capacitor voltage oscillations is negligible around v∗

C (i.e. xv
k+1 ≈ 05×2) and it is required

to maintain this value for the next step. Therefore, from (3.19), the following expression is
obtained:

05×2 ≈ Bv
k+1x

i∗
k+1 + dv

k+1 (3.26)
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from (3.26) the following is concluded:
[
iΣ∗
α (k + 1) iΣ∗

β (k + 1)
]T

= −
(
Bv

k+1

)−1
dv

k+1 (3.27)

However, Bv is a 5×2 non-invertible matrix. Therefore, a Moore–Penrose pseudoinverse
matrix is used in this work to calculate

[
Bv

k+1

]−1
. To maintain the capacitor voltages inside

a predefined band, the vector of circulating current references is calculated as[
iΣ∗
α (k + 1) iΣ∗

β (k + 1)
]T

= −δB†dv
k+1 (3.28)

where B† is the Moore–Penrose pseudoinverse of Bv
k+1, namely, B† = (BvT

k+1B
v
k+1)−1BvT

k+1
and δ is the output of the PI controller regulating the capacitor voltage oscillations inside a
predefined band (see Fig. 3.3).

The control methodologies discussed in Sections 3.3.3 and 3.3.4 allow to operate the propo-
sed CCS-MPC without using variable weight matrices in the cost function of (3.21). Previous
work in the control of MMC operating in the LFM mode (e.g. see [16, 62, 63]) compensated
the capacitor voltage oscillations during HFM by increasing the weight factors. This metho-
dology is effective but has the disadvantage of increasing the high-frequency ripple in the
circulating currents and voltages synthesised by the converter.

In summary, the advantages of the one-step ahead feed-forward compensation of the dis-
turbance vector discussed in this section, compared to the adjustable-weight method, are at
least three. i) The circulating currents are noticeably reduced at LFM, particularly at steady-
state operation. ii) The high-frequency ripple in the capacitor voltages is also reduced, and
iii) fast and large variations in the voltage vΣ

αβ are avoided reducing the effects of the voltage
restrictions used in (3.21)-(3.23).

3.4. Experimental Results
The validation of the proposed CCS-MPC is discussed in this section. In the first subsec-

tion, the performance of the proposed control system is compared with that obtained by the
adjustable-weight CCS-MPC algorithm discussed in [62] in terms of the magnitude of the
circulating currents, THD obtained at the output, etc. In the second subsection, a cage in-
duction machine is connected to the MMC outputs to verify the performance of the proposed
control algorithm operating with variable frequency and voltage at the AC port.

The parameters of the experimental system are shown in Table 3.1. The MMC is compo-
sed of 18 cells controlled using a dSPACE MicroLabBox platform based on a Freescale QorIQ
P5020 dual-core 2 GHz processor and a Xilinx Kintex-7 XC7K325T FPGA. The FPGA per-
forms a modulation scheme based on an In-Phase Carrier Disposition (IPD-PWM) augmented
by a sorting algorithm. Meanwhile, the dSPACE processor is used to implement the active-set
solver, Σ∆αβ0 direct and inverse transforms, control algorithms, etc. The control platform
includes 32 parallel ADCs that are used to simultaneously perform the measurements.

To verify the performance of the MMC regulating variable frequency and voltage at the
AC port, a 7.5 kW vector-controlled induction machine, connected to a permanent magnet
synchronous generator (PMSG), is utilised. The experimental system is shown in Fig. 3.4.

A bank of resistors is used to provide an electric load at the output of the PMSG, and Hall
effect transducers are used to measure the capacitor voltages and cluster currents. Optical-
fibre links are used to transmit the switching signals from the control platform to the gate

44



Phase A

Phase B

Phase C

MicroLabBox

Fibres

Induction
machine

PMSG

Figure 3.4: Experimental system. At the top left is the dSPACE Microlab-
Box connected to an optical-fibre interface board. At the bottom left is the
cage machine driving a PMSG. At the right is the 18-cell MMC prototype.

drivers of the MOSFET switches (model IXFH72N30X3, nominal ratings of 72 A, 300 V, 19
mΩ On-Resistance). For the 10 kHz switching frequency, a sampling time of 50 µs is used for
the implementation of the control algorithms. Finally, unless otherwise stated, the common-
mode voltage is a square waveform of ω0 = 200 Hz and a magnetising current of isd = 7 A is
utilised in the cage machine.

3.4.1. Performance of the Proposed CCS-MPC Compared to that
Obtained in a Previous Work

The performance of the proposed control algorithm operating with low output frequency
is experimentally compared with that obtained with the CCS-MPC algorithm reported in
[62]. The experimental results obtained with the proposed two-step CCS-MPC algorithm
are shown on the two graphics at the left-hand side of Fig. 3.5. Conversely, the results
obtained with the adjustable-weight algorithm of [62] are depicted on the right-hand side.
Notice that the proposed CCS-MPC algorithm reduces the effective values of the circulating
currents from 5.14 A to 3.15 A [see Figs.3.5(c)-(i) respectively] for the same low-frequency
perturbation power vector. The reduction in the circulating current magnitudes is significant
at this operating point (≈ 40 %), and it is mainly produced by the feed-forward compensation
of the low-frequency power perturbation (see Section 3.3.4), using the values of [iΣ∗

α (k +
1) iΣ∗

β (k + 1)]T calculated from (3.28). Moreover, the control system presented in [62] is
based on solving two quadratic cost functions and the global optimum is not necessarily
achieved. Conversely, a single-stage control function is performed in the proposed CCS-MPC
and a single global optimum is obtained. Notice also the substantial reduction in the high
frequency (200 Hz) ripple in the capacitor voltages, as shown in Figs. 3.5(a)-(g). From Figs.
3.5(d)-(j) can be appreciated that the predictive control algorithm proposed in this work
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Table 3.1: Induction machine, MMC and CCS-MPC parameters

Description Variable Value
Rated output power P 7.5 kW
Line-to-line RMS voltage Vm 380 V
Rated frequency f 50 Hz
Pole number p 2
Stator/Rotor resistances Rs/Rr 367/533 mΩ
Stator/Rotor inductances Ls/Lr 139/139 mH
Mutual inductance Lm 135 mH
Number of SMs per cluster n 3
Cluster inductance L 2.5 mH
SM capacitance C 2.2 mF
SM DC voltage v∗

C 150 V
DC port voltage Vdc 450 V
Carrier frequency fs 10 kHz
Weighting factors (Qv) λ∆v

α /λ∆v
β /λ∆v

0 /λΣv
α /λΣv

β 5/5/10/10/10
Weighting factors (Qi) λΣi

α /λ
Σi
β 1/1

Weighting factors (R) λU
α/λ

U
β 0.001/0.001

Weighting factor (slack) λξ 100,000

achieves a THD reduction of ≈ 1 % (in the AC currents) compared to the one obtained by
the adjustable-weight CCS-MPC algorithm discussed in [62], thanks to the capacitor voltage
ripple reduction. Additionally, using (3.28) a reduction in the amplitude variation of the
voltages uk = [vΣ

α (k) vΣ
β (k)]T synthesised by the converter is produced which increases the

voltage margin available in the MMC.
As aforementioned, the reduction in the THD of the AC currents is an advantage of the

proposed CCS-MPC. However, the proposed CCS-MP also delivers improved efficiency. To
evaluate the power losses, a Hioki PW6001 power analyser has been used to perform power
measurements for both control strategies. The measurements are obtained using the operating
conditions described in Fig. 5, i.e. AC frequency of 10 Hz, ωr = 600 rpm, machine currents
isd = 7 A and isq ≈ 7.1 A. The experimental measurements are shown in Table 3.2 with the
proposed CCS-MPC strategy delivering a 7.5 % of improvement in the converter efficiency,
compared to the strategy reported in [62].

Notice that the efficiency values shown in Table 3.2 consider all the losses, e.g. switchin-
g/conducting losses in the MOSFETs, the losses in the parasitic resistances of the six cluster
inductors (≈ 0.1Ω each) and also iron losses in the inductor cores. Because the proposed CCS-
MPC reduces the effective currents in the clusters (by reducing the circulating currents) the
losses in the parasitic resistances are also reduced.

To estimate only the switching and conduction losses of the 36 MOSFET switches used
in the experimental system, the methodology discussed in [72] was implemented in a PLECS
model and simulated for the same operating point discussed above. For the control strategy
reported in [62] the total losses, in the 18 half-bridge cells, were 147.6 W meanwhile the
losses for the proposed algorithm were 97.2 W. Therefore the two-step CCS-MPC algorithm
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produces a reduction in switching/conduction losses of ≈ 34.1 %. These results are in broad
agreement with the experimental results discussed above.

Table 3.2: Efficiency Comparison of Power Loss Measurements for Control
Strategies using Hioki PW6001 Power Analyser

Adjustable-weight CCS-MPC [62] Proposed CCS-MPC
Input power 893.7 W 812.7 W
Output power 684.9 W 683.8 W
Total power loss 208.9 W 128.9 W
Efficiency 76.63 % 84.14 %
AC port frequency 10.3 Hz 10.3 Hz

Figure 3.5: Steady state performance of CCS-MPC algorithm at LFM ope-
ration (≈ 10 Hz). Proposed compensation method (left). Performance of the
adjustable-weight CCS-MPC proposed in [62] (right). Notice that the reduc-
tion in the circulating current magnitude is about 39 % with the method
proposed in this work [see (c) and (i) above]. (a)-(g) Cluster capacitor vol-
tages. (b)-(h) First two rows of the perturbation vector of (3.15). (c)-(i)
Circulating currents. (d)-(j) AC port currents (e)-(k) Common-mode volta-
ges (f)-(l) DC port currents.
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Figure 3.6: Performance of the proposed compensation method for a step
change in the machine torque current from 2.7 A to 10 A and from 10 A
to 0 A. a) Cluster capacitor voltages. b) Cluster currents. c) Torque and
magnetising currents. d) Circulating currents.

Figure 3.7: Performance of the adjustable-weight compensation method pro-
posed in [62], for a step change in the machine torque current from 2.7 A
to 10 A and from 10 A to 0 A.
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Figs. 3.6 and 3.7 show the performance when the cage machine is operating at 10 Hz with a
magnetising current of 7 A peak, when step changes in the torque current from 2.7 A to 10 A
and from 10 A to 0 are produced at t = 0.2 s and t = 0.35 s respectively. The results depicted
in Fig. 3.6 correspond to the proposed control strategy; meanwhile, the results depicted in
Fig. 3.7 correspond to the strategy reported in [62]. The peak value of the circulating currents
in Fig. 3.6 is 9.3 A with an effective value of 5.4 A in the cluster currents. Conversely, for the
test shown in Fig. 3.7, the peak of the circulating current is 18.34 A with an effective value of
7.7 A in the cluster currents. Therefore, the proposed control strategy achieves a reduction
of about 50 % in the peak value of the circulating current during the transient. Again, this
noticeable current reduction is partly due to the compensation of the perturbation vector
dv

k+1 at the (k + 1)th sample. Moreover, as aforementioned, the proposed single-stage CCS-
MPC utilised constant weight matrices without increasing some of the weights of the cost
function during LFM operation.

3.4.2. Operation of the Proposed CCS-MPC in Drive Applica-
tions

The proposed control system can be used for variable speed drives and other applications.
This is experimentally validated in this section. The cage machine is operated with isd = 7
A for the test discussed below. The processing time for the proposed CCS-MPC, including
the rotor flux-orientated vector control of the cage machine, is 13.42 µs. This processing
time represents 26.84 % of the total sampling period, which is lower than both the 31.6 %
observed for the CCS-MPC reported in [62] and the 29.8 % recorded for a conventional SISO
strategy based on linear controllers (see [17]). Moreover, unlike FCS-MPC-based strategies
[64], it should be noted that the execution time of the proposed CCS-MPC algorithm does
not depend on the number of submodules in each cluster, thus maintaining a constant compu-
tational complexity. Additionally, in applications where a higher number of submodules are
required, the sampling frequency could be reduced to minimise switching losses [66]. This
allows for more time to execute the control strategy, making it feasible to implement the
control strategy on platforms with lower performance capabilities.

Fig. 3.8 shows the performance of the proposed CCS-MPC considering a speed reversal
between ±2000 rpm [see Fig. 3.8(a)]. The cluster currents [Fig. 3.8(b)], cage stator currents
[Fig. 3.8(c)], circulating currents [Fig. 3.8(d)], capacitor voltages [Fig. 3.8(e)] and the δ value
of (3.28) [see Fig. 3.8(e)] are also shown in this graphic. The stator machine’s peak current
is about 13A at the maximum rotational speed and it is decreased when the rotational speed
approaches zero. Conversely, when the rotational speed decreases (for t > 7 s), the circulating
currents increase to mitigate the low-frequency capacitor voltage pulsations produced in
(3.7)(a) and (b). As expected, the maximum amplitude of the circulating currents is produced
when the rotational speed is around 0 rpm.
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Figure 3.8: System response to a ramp speed variation (from 2 krpm to −2
krpm). a) Rotational speed. b) Cluster currents. c) Machine currents. d)
Circulating currents e) Capacitor voltages and 7.5 % voltage-band. e) Value
of δ used in (3.28).

Fig. 3.8(e) shows the good regulation of the capacitor voltages around the reference value
(150 V) and considering a maximum voltage band of 7.5 %. The capacitor voltages are regu-
lated using the value of δ [see Fig. 3.8(e).] which is obtained from the PI controller shown at
the top of the left-hand side of Fig. 3.3. As discussed in this work, when the AC port output
frequency is relatively high, the capacitor voltage oscillations are naturally filtered out by
the capacitance and the square/trapezoidal common-mode voltage is not necessary, because
the machine is operating at HFM. When the AC port frequency is relatively low, a value of
δ > 0 is utilised in (3.7) to compensate for the low-frequency perturbation in dv.

The performance of the proposed CCS-MPC, limiting the cluster current, is shown in Figs.
3.9 and 3.10. For these experimental tests, a ramp variation between 0 to 10 A is applied to
the torque current isq maintaining the rotor blocked. The ramp starts at t = 0 s reaching 10
A in t ≈ 11.4 s. The cluster currents have components of AC (cage-machine slip frequency),
DC and the variable frequency component (mainly 200 Hz) in the circulating current. For
this test, the cluster currents are limited to ±17 A.

Fig. 3.9(a) shows the cluster currents and the current limits of ±17 A. It is concluded that
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Figure 3.9: Performance of the proposed CCS-MPC including total cluster
current limiting at 17 A. A torque current ramp (from 0 A to 10 A) is ap-
plied with rotor blocked and a magnetising current of isd = 7 A. (a) Cluster
currents. (b) Circulating currents. (c) Machine currents. (d) Capacitor vol-
tages.

the solution of the optimal problem with restrictions [see (3.21)-(3.23)] effectively limits the
cluster currents. However, after t ≈ 11.4 s, the capacitor voltages have excursions outside
the voltage band; these excursions are produced because the maximum circulating current
synthesised in each cluster is insufficient to maintain the capacitor voltages inside the pre-
defined band. However, any current limitation algorithm, i.e. the proposed one or otherwise,
will have problems regulating the capacitor voltages, because the current limits used for the
experimental results depicted in Fig. 3.9 are below the required minimum.

An enlarged view of a section of Fig. 3.9 is shown in Fig. 3.10. Notice the trimming in
the cluster current [see Fig. 3.10(a)], which is produced by the limitation of the circulating
currents iΣ

αβ [see Fig. 3.10(b)] in the optimal problem of (3.21). Even when the capacitor
voltages have some relatively small excursions outside the predefined band, as shown in Fig.
3.10(d), the AC port currents depicted in Fig. 3.10(c) are well-regulated with a reduced Total
Harmonic Distortion (THD) of 2.61 %. Therefore, because of the relatively small capacitor
voltage variations, the current limitation algorithm does not affect the current waveform
quality much.

Fig. 3.11 shows the performance of the proposed CCS-MPC considering the same test but
without limiting the cluster currents [see Fig. 3.11(a)]. As a result, the capacitor voltages
are well regulated, without excursions outside the predefined band [see Fig. 3.11(d)], and the
THD of the AC port currents, shown in Fig. 3.11(c) decreases to 2.41 %. Moreover, as shown
in Fig. 3.11(b), the circulating currents are no longer constrained.
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Figure 3.10: Enlarged view of Fig. 3.9.

Figure 3.11: Performance of the proposed CCS-MPC, for the same test de-
picted in Fig. 3.10, but without considering restrictions in the total cluster
currents. (a) Cluster currents. (b) Circulating currents. (c) Machine cu-
rrents. (d) Capacitor voltages.
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3.5. Conclusions
This work has presented a new enhanced single-stage two-step CCS-MPC algorithm, for

Modular Multilevel Converters operating with variable output frequency in the AC port. The
control algorithm is based on a two-step predictive control strategy for the regulation of the
capacitor voltages and a single-step prediction of the circulating current required to balance
the capacitor energy in the converter. A single cost function, involving the seven states of
the MMC and including constraints, is utilised in the proposed CCS-MPC. Therefore, the
solution of the optimal problem with restrictions leads to a single global optimum.

A novel methodology to compensate for the future perturbations has been shown to be
very effective when the AC port is operating at LFM. This compensating algorithm is ba-
sed on the Moore-Penrose pseudoinverse matrix, which produces a reference input for the
required circulating currents. It has been experimentally demonstrated that the proposed
compensation achieves a noticeable reduction in the circulating currents as well as a sig-
nificant increase in the efficiency of the MMC-based drive, without jeopardising the good
dynamic performance typically achieved with CCS-MPC algorithms. An additional advanta-
ge of the control methodologies discussed in Sections 3.3.3 and 3.3.4 is their ability to allow
the operation of the proposed CCS-MPC with fixed weight-cost matrices during LFM and
HFM.

Experimental validation of the proposed CCS-MPC considering variable frequency and
voltage at the AC port has been performed using an 18-cell MMC prototype driving a 7.5
kW-cage induction machine operating in a wide speed range. A dSPACE MicroLabBox plat-
form is used to control the MMC-based drive, implementing the CCS-MPC algorithm, the
modulation stage, and the active-set method required to solve the quadratic problem with
constraints, all that implemented with a reduced computational burden of 13.42 µs. For all
the tests performed, i.e. step changes in the currents, cage machine speed reversal, rotor bloc-
ked operation, etc., the dynamic and steady-state performance of the proposed CCS-MPC,
has been very good.
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Appendix

3.1. Current and Voltage Constraints
The voltage that each cluster can synthesise is bounded between zero and the maximum

voltage available in each cluster (nvP
Ca, nvP

Cb, nvP
Cc, nvN

Ca, nvN
Cb and nvN

Cc). These boundaries
produce a total of 12 constraints, two for each cluster. However, the constraints can be
reduced to six, taking advantage of the symmetries between the upper and lower clusters of
the converter [16, 62]. Therefore, the matrices Gv and W v are given by :

Gv =



−1 0
1
2 −

√
3

2
1
2

√
3

2
1 0
−1

2

√
3

2
−1

2 −
√

3
2


, W v =



−min
(
v1 + nvP

Ca(k), v4 + nvN
Ca(k)

)
−min

(
v2 + nvP

Cb(k), v5 + nvN
Cb(k)

)
−min

(
v3 + nvP

Cc(k), v6 + nvN
Cc(k)

)
max (v1, v4)
max (v2, v5)
max (v3, v6)


(3.1)

where the voltage required to synthesise the common-mode voltage and to control the AC
and DC ports is given by,



v1

v2

v3

v4

v5

v6


=



−vΣ
0 (k)− 1

2v
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0 (k)− 1

2v
∆
α (k)
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−vΣ
0 (k) + 1
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∆
0 (k)− 1

4v
∆
α (k)−

√
3

4 v
∆
β (k)


(3.2)

In the case of currents, 12 constraints are also required to limit the maximum and minimum
current ±imax of six clusters. This maximum value is selected considering the thermal issues
related to the maximum peak current allowed in the clusters (see [16]). Using a similar
methodology that is used to derive (3.1)-(3.2), current constraints can also be reduced to six
using the symmetries between the upper and the lower clusters of the converter. Therefore
the matrices that include the current limitations are,
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Gi =



−1 0
1
2 −

√
3

2
1
2

√
3

2
1 0
−1

2

√
3

2
−1

2 −
√

3
2


, W i =



−imax −min (i1, i4)
−imax −min (i2, i5)
−imax −min (i3, i6)
−imax + max (i1, i4)
−imax + max (i2, i5)
−imax + max (i3, i6)


(3.3)

where


i1
i2
i3
i4
i5
i6


=



−1
3idc(k)− 1

2iα(k)
−1

3idc(k) + 1
4iα(k)−

√
3

4 iβ(k)
−1

3idc(k) + 1
4iα(k) +

√
3

4 iβ(k)
−1

3idc(k) + 1
2iα(k)

−1
3idc(k)− 1

4iα(k) +
√

3
4 iβ(k)

−1
3idc(k)− 1

4iα(k)−
√

3
4 iβ(k)


(3.4)

Notice that the currents must be limited at instant k + 1 [see (3.21)]. However, in this
work, as discussed in Section 3.3.2, it is assumed that the AC and DC port current measured
in t = kT have the same values in t = (k + 1)T . This approximation is reasonable when
the time constants of the port dynamics are high compared to the sampling time (see [16]).
Nevertheless, if a low sampling rate is used, the modelling of the AC and DC ports can be
required to obtain better current predictions.
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Chapter 4

Continuous Control Set Model
Predictive Control of a Hybrid-MMC
for Wind Energy Applications

This chapter is based on the journal paper:

Y. Arias-Esquivel, R. Cárdenas, M. Díaz, and L. Tarisciotti, “Continuous Control Set Mo-
del Predictive Control of a Hybrid-MMC for Wind Energy Applications,” IEEE Transactions
on Industrial Electronics, 2023.

which is currently under review in the journal IEEE Transactions on Industrial Electronics
(Q1 journal paper. Impact Factor: 7.7)

Abstract: This paper discusses a continuous control set model predictive control system
of a hybrid modular multilevel converter, driving a direct drive permanent magnet synchro-
nous generator, for variable-speed wind energy applications. The hybrid converter enables
operation at a reduced DC-link voltage without the need for circulating currents, even du-
ring low-frequency operation in the AC port. To further reduce cluster currents, the capacitor
voltages are allowed to oscillate inside predefined voltage limits. The control system is based
on a single-step predictive control algorithm, whose outputs are the DC-link and common-
mode voltages required to balance the converter energy. Furthermore, it is demonstrated in
this work that the reference for the common-mode voltage, obtained using an algorithm ba-
sed on the Moore-Penrose pseudo-inverse matrix, is a third harmonic waveform which can be
used to balance the capacitor voltages, as well as increase the modulation index. The propo-
sed control system is validated using a Hardware-in-the-Loop platform and an experimental
system consisting of a 5 kW back-to-back hybrid modular multilevel converter, controlled
using dSPACE MicroLabBox platforms. The generator is emulated using a programmable
power supply.
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4.1. Introduction
Renewable energy sources, particularly wind energy, have received significant attention in

the last decades due to the growing concern about environmental issues and the depletion of
fossil fuels [73]. As a result, there is a trend in developing multi-MW Wind Energy Conversions
Systems (WECSs) [74, 75], based on direct-drive Permanent Magnet Synchronous Generators
[75–77]. One key component of multi-MW WECSs is the power electronics converters, which
are required to interface the high-power WECS to the grid.
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SM

SM2

SM

SM1

SM2

SM

SM1

SM2

SM

SM1

SM2

SM

SM1

SM2

SM

SM1
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2

2

1

Half-bridge
Cluster

AC Port

DC Port

Figure 4.1: Circuit configuration of a hybrid-MMC: The DC port is located
on the left-hand side, while the electrical generator is connected to the AC
port on the right-hand side. It is important to note that each cluster consists
of both half and full SMs.

In recent years, Modular Multilevel Converters (MMCs) have emerged as a new solution
for large wind turbine systems due to their high efficiency, scalability, and low harmonic dis-
tortion [3, 6]. Nevertheless, despite the advantages of MMCs [1], the required control system
is complex and entails various challenges, such as balancing capacitor voltages, maintaining
regulated AC port current/voltage, and controlling circulating currents [10, 12, 62]. Moreo-
ver, high-power multipole Permanent Magnet Synchronous Generators (PMSGs) used for
direct-drive WECSs, are usually designed to operate with a relatively low nominal electrical
frequency, which is even lower in the region near the WECS cut-in wind speed [75, 76]. This
could produce an operating problem because, for an MMC-based drive, the magnitude of the
Capacitor Voltage Oscillations (CVOs) is inversely proportional to the AC port operating
frequency [10, 12]. Therefore, a good control system has to be implemented to avoid large
voltage oscillations in the floating capacitors during low-frequency operation.

In an MMC, the CVOs are typically mitigated using circulating currents and common-
mode voltage [10, 62, 78]. Nonetheless, using large circulating currents increases the converter

57



losses and reduces the current capacity available in the switches. Therefore, to reduce or
eliminate the circulating currents in MMC-based drives, several papers have proposed the
utilisation of hybrid topologies, i.e. MMCs implemented using a combination of full-bridge
and half-bridge Sub-Modules (SMs) in each cluster [79–81], allowing to reduce the DC-link
voltage (see the left side of Fig. 4.1) without jeopardising the control of the electrical generator
currents.

Fig. 4.1 depicts the hybrid Modular Multilevel Converter (hybrid-MMC)-based drive to-
pology proposed in this work. For the experimental work discussed in Section 4.4, the back-
to-back hybrid-MMC topology shown in Fig. 4.2 is used, where a grid-side hybrid-MMC
regulates the DC-link voltage. Notice that this grid-side converter could be replaced with
another topology [80, 81]. However, exploring these alternatives and their control mecha-
nisms is considered outside the scope of this work.

Port
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Figure 4.2: Scheme of the BTB-MMC direct-drive PMSG wind turbine sys-
tem.

As discussed in several papers [19, 62], an MMC is a Multiple-Input, Multiple-Output
(MIMO) system; therefore, SISO-designed control systems, as those discussed in [10, 12,
79], can hardly compensate all the cross-coupling between state variables and deliver sub-
optimal performance. For this reason, this paper proposes a novel control strategy, based on
a MIMO-designed Continuous Control Set Model Predictive Control (CCS-MPC) algorithm,
to regulate the CVOs in the generator-side MMC of Fig. 4.2, utilising only the DC-link
voltage and common-mode voltage as control actions. Furthermore, as shown in this work,
better performance is obtained when the generator-side CVOs are allowed to operate within
predefined limits, such as 5 % to 10 % around the voltage reference value [62, 78]. Additionally,
as discussed in Section 4.3.3, this methodology enables the operation of the converter with
lower cluster current, as circulating currents are not required, and the DC component is
reduced.

To the best of the authors’ knowledge, this is the first work where the DC-link and
common-mode voltages are used to balance the capacitor voltages of the machine-side hybrid-
MMC, without requiring circulating currents. Moreover, the absence of circulating currents
significantly simplifies the power model of the MMC, thereby streamlining the converter con-
trol. Additionally, the proposed control strategy, based on CCS-MPC, can be solved without
the need for an online solver, simplifying the implementation of the strategy.

The rest of this paper is organised as follows. Section 4.2 provides a brief overview of
the MMC modelling. The CCS-MPC formulation for regulating the capacitor voltages is
presented in Section 4.3. Section 4.4 discusses the experimental results. Finally, Section 4.5
presents the conclusions.
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4.2. Modular Multilevel Converter
The MMC modelling utilised in this work has been extensively discussed in the literature

[10, 12, 62]. However, for completeness, a brief introduction to the Σ∆αβ0-transform is
provided in this section. This transform is defined by [12]:

XΣ∆
αβ0

.=
[1

2
1
2

1 −1

]
·XP N

abc ·


2
3 0 1

3
−1

3
1√
3

1
3

−1
3 −

1√
3

1
3

 (4.1)

where XP N
abc is a matrix with the instantaneous abc variables and XΣ∆

αβ0 is the matrix with the
transformed values. The current-voltage model that describes the dynamics of the currents
is obtained using Fig. 4.1 as
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then by applying (4.1) to (4.2) yields

1
2

[
0 0 Vdc

0 0 0

]
=
[
vΣ

α vΣ
β vΣ

0
v∆

α v∆
β v∆

0

]
+ L

d

dt

[
iΣα iΣβ

1
3idc

iα iβ 0

]
+ 2

[
0 0 0
vα vβ v0

]
(4.3)

where the terms iΣ
αβ refer to the circulating currents (iΣ

αβ = iΣα +jiΣβ ), while idc denotes the DC
port current, and v0 represents the common-mode voltage. Additionally, the variables vαβ and
iαβ correspond to the machine voltages and currents, and are expressed in αβ0-coordinates.

The voltages and currents in the clusters can be utilised to derive the instantaneous
power fluctuations [12, 13]. These powers can be expressed as pj

i = vj
i i

j
i ∀ i ∈ {a, b, c} and

j ∈ {P,N}. When the voltage of the capacitors is close to the reference voltage v∗
C , the power

can be approximated as a function of the capacitor voltage, i.e.:[
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(4.4)

where nT and C represent the numbers of SMs per cluster (nT = nF +nH) and the capacitance,
respectively. The term nH represents the number of half-bridges, and nF represents the
number of full-bridges. Additionally, vj

Ci are the capacitor voltages. Applying the Σ∆αβ0-
transformation to (4.4), yields[
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Cβ v∆

C0

]
(4.5)

By neglecting both the voltage drops in the inductors and the circulating currents, the
powers of (4.5) are obtained after some mathematics manipulations (see [10, 12]). The results
are shown in (4.6), where the symbol “◦” denotes the dot product, k = nTCv

∗
C [see (4.5)]

and the superscript “c” represents the complex conjugate operator.
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k ·
dvΣ

Cαβ

dt
≈ pΣ

αβ = −1
4 (iαβvαβ)c − 1

2v0iαβ (4.6a)

k ·
dv∆

Cαβ

dt
≈ p∆

αβ = 1
2Vdciαβ −

2
3idcvαβ (4.6b)

k · dv
∆
C0
dt
≈ p∆

0 = −2
3idcv0 (4.6c)

k · dv
Σ
C0
dt
≈ pΣ

0 = 1
6Vdcidc −

1
4 (vαβ ◦ iαβ) (4.6d)

The MMC converter is balanced when the five capacitor voltage components, [vΣ
Cαβ,v

∆
Cαβ, v

∆
C0]

are driven to ≈ 0. The control strategy proposed in this work for the regulation of these ca-
pacitor voltages, is based on CCS-MPC and is discussed in Section 4.3.
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Figure 4.3: Proposed CCS-MPC algorithm for the control of a hybrid-MMC
driving a PMSG-based WECS. (a) CCS-MPC, (b) Control system for the
currents and voltages in the AC and DC ports.

4.3. Proposed CCS-MPC
To balance the voltage of the capacitors, a discrete-time state model is obtained by discre-

tising (4.6a) - (4.6c) using the forward Euler method [58]. The resulting model is expressed
in terms of the sampling time Ts.

xk+1 ≈ Axk + Bkuk + dk (4.7)

with the matrices
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xk =
[
v∆

Cα(k) v∆
Cβ(k) v∆

C0(k) vΣ
Cα(k) vΣ

Cβ(k)
]T

uk =
[
Vdc(k) v0(k)

]T
Bk = Ts

2k

[
iα(k) iβ(k) 0 0 0

0 0 −4
3idc(k) −iα(k) −iβ(k)

]T

dk = Ts

k



−2
3idc(k)vα(k)
−2

3idc(k)vβ(k)
0

1
4iβ(k)vβ(k)− 1

4iα(k)vα(k)
1
4iβ(k)vα(k) + 1

4iα(k)vβ(k)



(4.8)

Additionally, the matrix A is a 5 × 5 identity matrix. Notice that the term (4.6d) is not
considered in the discrete-time model since this term represents the total energy stored in
the generator-side MMC capacitors. Therefore, (4.6d) is a slow dynamic term that can be
effectively regulated using a simple PI controller (see Fig. 2.2b).

The proposed control system is shown in Fig. 2.2. The CCS-MPC to regulate the generator-
side Hybrid-MMC capacitor voltages is shown in Fig. 2.2(a). The control of the PMSG, as
well as the regulation of (4.6d) is shown in Fig. 2.2(b).

4.3.1. Control of the CVOs

As shown in (4.8), Vdc is the control input for the states v∆
Cα and v∆

Cβ. Additionally,
the states v∆

C0, vΣ
Cα, and vΣ

Cβ are regulated using v0. To control the states (xk), a one-step
prediction CCS-MPC is proposed. The proposed cost function is as follows, where the one-
step delay compensation algorithm, discussed in [58], is considered.

min
xk+1,uk

J = (xk+1 − x∗)T Q (xk+1 − x∗)

+ (uk − u∗)T R (uk − u∗)
s.t. xk+1 = Axk + Bkuk + dk

Guk ≥W

(4.9)

where (4.9) represents a quadratic cost function, with the objective of minimising the diffe-
rence between the next state xk+1 and the desired state x∗, weighted by matrix Q, as well as
minimising the control input difference (uk −u∗), weighted by matrix R. The constraints of
the optimisation problem are the equality constraints, i.e. xk+1 as a function of the current
state xk and the control input uk. Moreover, the control input uk has to fulfill the inequality
constraint Guk ≥W . The weighting factor matrices, Q and R, are given by

Q = diag(λ∆
α , λ

∆
β , λ

∆
0 , λ

Σ
α , λ

Σ
β )

R = diag(λVdc
, λv0)

(4.10)
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where λ∆
α , λ

∆
β , etc., represent the weighting factors of the states. The terms λVdc

and λv0

represent the weighting factors of the control actions. As discussed below (4.6), the reference
states x∗ are set to zero (i.e., x∗ = 0). The vector u∗ is discussed in Section 4.3.3.

4.3.2. Control of the PMSG

The direct-drive PMSG is controlled using a synchronous rotating d−q frame that rotates
at ωet, where ωe is the angular frequency of the MMC AC port. The vector control system is
orientated along the back-emf of the generator. This is achieved by measuring or estimating
(see [82]) the back-emf position. Moreover, in this work the PMSG torque is regulated using
a simple Maximum Power Point Tracking (MPPT) algorithm, where the electrical torque
and power are proportional to ω2

e and ω3
e respectively [83–85]. Therefore,

Te = Koptω
2
e (4.11)

where the value of Kopt is a function of the blade aerodynamics, number of poles, etc. A
simplified model of the electrical torque can be obtained as [82]:

Te = 3
2pψmid (4.12)

Where, id represents the direct stator current, ψm denotes the permanent magnet flux
linkage, and p stands for the number of pole pairs. Therefore, the generator reference current
for MPPT is given by

i∗d = 2
3
Koptω

2
e

pψm

= Ktω
2
e (4.13)

Therefore, the active current reference is obtained from (4.13), while the reactive power
is defined as zero (i.e., i∗q = 0). These currents are regulated using linear controllers (see Fig.
2.2b).

4.3.3. Calculation of u∗

As widely discussed in [62, 78], the peak magnitude value of the CVOs is approximately
equivalent to |v∆

Cαβ|. Therefore, from (4.6b), the relationship between the required DC port
voltage value in terms of a given value of |v∆

Cαβ| can be obtained by using some simplifications.
This is discussed below.

4.3.3.1. DC-link voltage reference

Integrating (4.6b), and assuming steady state operation, the voltage v∆
Cαβ is given by

v∆
Cαβ ≈

−j
ωenTCv∗

C

(1
2Vdciαβ −

2
3idcvαβ

)
(4.14)

where vαβ ≈ −v∆
αβ/2, with vαβ as the voltage synthesised by the MMC in the AC port, i.e. at

the Point of Common Coupling (PCC) between the MMC and PMSG [see right side of Fig.
2.2(b)]. Referring (4.14) into a synchronous rotating d− q reference frame, the magnitude of
the CVOs can be obtained as
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∣∣∣v∆
Cdq

∣∣∣ ≈ 1
|ωe|nTCv∗

C

·
√

1
4Vdc

2 |idq|2 −
2
3Vdcidc (vdq ◦ idq) + 4

9idc
2 |vdq|2 (4.15)

As mentioned earlier, the control system proposed for the PMSG regulates the quadrature
component of the output current to iq = 0. Furthermore, for simplicity, the quadrature
component of the voltage vdq is approximated to zero (i.e., vq ≈ 0) in (4.15). By considering
these simplifications, the DC-link voltage can be obtained as follows:

Vdc1,2 ≈
2
3idcvdid ± |id| |ωe| |v∆

Cdq|nTCv
∗
C

1
2i

2
d

(4.16)

In this work, the use of a DC-link voltage reference (V̄dc) that regulates |v∆
Cdq| to a non-

zero value between 5 %-10 % of the reference value is proposed, based on the fact that, for
a given operating power, increasing the DC-link voltage reduces the current in the clusters.
Moreover, to minimise power losses in the converter by reducing the DC cluster current (see
[78]), the larger value of (4.16) is used as the reference voltage Vdc to be regulated by the
grid-side hybrid-MMC, i.e.:

V̄dc =
2
3idcvdid + |id| |ωe| |v∆

Cdq|nTCv
∗
C

1
2id

2 (4.17)

4.3.3.2. Variation of the DC port voltage vs. ωe

To calculate the variation of the DC port voltage with respect to the operating frequency
ωe, (4.18) is utilised. This equation is derived from (4.17) by assuming that the power losses
in the converter are negligible, resulting in Vdcidc = 3vdid/2. Moreover, the current id from
(4.13) is replaced in (4.17) yielding:

Vdc ≈
|v∆

Cdq|nTCv
∗
C

|Ktωe|
+

√√√√( |v∆
Cdq|nTCv∗

C

|Ktωe|

)2

+ 2vd
2 (4.18)

Note that (4.18) is an approximation because the converter losses have been neglected.
Fig. 4.4 shows the relationship between Vdc and ωe, obtained from (4.18) and considering
the characteristics of the 10 MW direct-drive PMSG reported in [75]. This machine has 160
pole pairs, vdmax ≈ 5.97 kV(phase-neutral), cut-in frequency of ≈ 10.67 Hz and nominal
power is reached at ≈ 26.67 Hz. The simple MPPT algorithm discussed in Section 4.3.2 has
been considered to obtain Fig. 4.4 where five values of |v∆

Cdq| are shown. It is worth noting
that after reaching a minimum value, the required DC-link voltage starts to increase at low
frequencies, particularly when the value of |v∆

Cdq| is relatively large, for instance, the 10 %
curve in Fig.4.4. If |v∆

Cdq| ≈ 0, then Vdc =
√

2vd, for the whole operating range.

4.3.3.3. Common-mode voltage reference

Unlike the determination of the DC-link voltage reference, the common-mode voltage
reference calculation is performed by analysing the disturbance vector dk [see (4.8)]. For
this purpose, the control action that compensates for disturbances, i.e., the u∗

k that satisfies:
xk+1 = Axk + Bku∗

k + dk in steady state, that is with xk+1 = xk, is calculated. Considering
that A is the identity matrix, yields
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Figure 4.4: Behaviour of the DC-link to generator maximum voltage ratio
with respect to frequency for different capacitor oscillation-band percenta-
ges.

u∗
k = −B−1

k dk (4.19)

However, because matrix Bk is non-invertible, the Moore-Penrose pseudoinverse is used in
(4.19),

u∗
k = −Bk

†dk, Bk
† = (BT

k Bk)−1BT
k (4.20)

Notice that solving (4.20) provides solutions for both V̄dc and v̄0. It can be easily demons-
trated that the solution for V̄dc is equal to (4.18) when |v∆

Cdq| = 0 , that is, V̄dc =
√

2vd. For
the common-mode voltage, after some manipulations and assuming that vq ≈ 0 and iq ≈ 0,
the solution obtained from (4.20) is given by:

v̄0 = 9 vdid
2 sin(3θ + 3π/2)

18 id2 + 32 idc
2 (4.21)

where θ is the angle of the vαβ vector. If the DC-link voltage V̄dc obtained from (4.20) is
considered (i.e. Vdc =

√
2vd), power conservation between the DC-link port and the AC port

yields,

Vdc · idc = 3
2vd · id ⇒ i2dc = 9

8i
2
d (4.22)

Replacing (4.22) in (4.21), the common mode voltage obtained is equivalent to that ty-
pically used in zero-sequence voltage injection to enhance the modulation index. Therefore,
in this work, a third harmonic with an amplitude equal to one-sixth of the generator volta-
ge amplitude is used as a reference [see (4.23)]. Notice that this third harmonic is the one
typically used to achieve a modulation index of m = 1.1547[86].

v̄0 = vd sin(3θ + 3π/2)
6 (4.23)

In this work, the common-mode voltage v̄0 of (4.23) and the DC-link voltage V̄dc of (4.17)
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are used in u∗
k = [V̄dc v̄0]T [see (4.9) and (4.28)]. Note that θ is not the angle corresponding

to the PMSG back-emf position. It is the angle of the voltage vector synthesised by the MMC
at the PCC.

4.3.4. Calculation of the Number of SMs

A straightforward solution for the number of full and half bridges in each cluster can be
obtained when |v∆

Cdq| = 0. In this case and assuming third harmonic injection [see (4.23)],
the following relationships have to be fulfilled to avoid overmodulation:

nTv
∗
C −
√

3
2 vd ≥

Vdc

2 ≥
√

3
2 vd − nFv

∗
C (4.24)

By replacing Vdc ≈
√

2vd into (4.24), the following expressions are obtained:

nF ≥ kF
vdmax

v∗
C

√
3−
√

2
2 (4.25)

nT ≥ kT
vdmax

v∗
C

√
3 +
√

2
2 (4.26)

where the number of half-bridges is calculated as nH = nT − nF . The maximum generator
voltage, vdmax , is used as it represents the worst-case scenario. When the voltage band |v∆

Cdq| ≠
0, the total number of modules, nT and nF is obtained by using iteratively both (4.18) and
(4.24), until both expressions are fulfilled. Moreover, to provide an adequate voltage margin
during transients, safety factors (kT , kF ≥ 1) could be considered when calculating nT and
nF [53].

A similar analysis can be carried out for the grid-side hybrid-MMC. However, such analy-
sis, as well as the discussion of the control system required in that power converter, is consi-
dered beyond the scope of this work.

4.3.5. Unconstrained Solution

The unconstrained solution of the optimal problem of (4.9), can be obtained by replacing
(4.7) in the cost J and calculating uopt

k from:

dJ

duk

= 0 (4.27)

Using (4.27) and after some manipulation, the optimal control action is obtained as,

uopt
k = −

(
BT

k QBk + R
)−1 [

BT
k Q (Axk + dk)−Ru∗

]
(4.28)

where uopt
k represents the unconstrained optimal control action. This approach provides

an analytic solution to the optimisation problem, without needing a solver, which reduces
the computational complexity of the proposed control strategy.

The control action uopt
k has two components: the optimal common mode voltage v0 and

the optimal DC-link voltage Vdc. Constraints on the voltage v0, obtained from (4.28), are not
necessary because the optimal common-mode voltage closely matches the third harmonic of
(4.23), which improves the modulation index rather than causing overmodulation. On the
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other hand, the DC-link voltage synthesised by the grid-side converter is bounded between
maximum and minimum values of voltages, i.e. Vdcmin ≤ Vdc ≤ Vdcmax, which are dependant
on (4.25)-(4.26). Saturation is achieved by limiting, when necessary, the value of V̄dc obtai-
ned from (4.17). This is because directly constraining the control action Vdc would hinder
achieving the balance of voltage v∆

Cαβ.

4.4. Experimental Results
The experimental setup used in this work consists of two identical hybrid-MMCs, each

one implemented with 18 SMs, specifically 12 half-bridge cells and 6 full-bridge cells. Control
of the power converters is achieved using two dSPACE MicroLabBox platforms equipped
with Xilinx Kintex-7 XC7K325T FPGAs. In each FPGA, a modulation scheme based on
In-Phase Carrier Disposition (IPD-PWM) and a sorting algorithm are implemented. The
number crunching tasks, such as solving the optimisation problems, Σ∆αβ0 direct and inverse
transforms, control of the AC ports, etc., are performed by the dSPACE processor.

Each hybrid-MMC control platform is equipped with 32 parallel ADCs, enabling simul-
taneous measurements. The switching signals generated by the control platforms are trans-
mitted to the gate drivers of the MMC switches through optical-fibre links. The switches are
MOSFET transistors of 72 A, 300 V, and 19 mΩ on-resistance. For implementing the control
algorithms, a sampling time of 50 µs is used, corresponding to a switching frequency of 10
kHz. The parameters of the experimental system are presented in Table 4.1; it is important
to note that the voltage-band is set at 6 % of v̄∗

C .
Fig. 4.5 shows the experimental setup, where one of the MMCs is connected to the grid,

while the other MMC is connected to a power supply that emulates a PMSG-based direct-
drive variable-speed WECS. The emulation is achieved using an Ametek MX45 power supply,
which incorporates a pre-stored two-dimensional frequency-voltage profile. This profile is
obtained by simulating the WECS model and PMSG design discussed in [75, 87], and then
scaling down the results to values which can be handled by the experimental prototype.

Table 4.1: Experimental and HIL Setup Parameters

Description Variable Value
Rated power P 5 kW
HBSMs per cluster nH 2
FBSMs per cluster nF 1
Cluster inductance L 2.5 mH
SM capacitance C 2.2 mF
SM DC voltage v∗

C 117 V
Capacitor voltage oscillations |v∆

Cdq| 7 V
Carrier frequency fs 10 kHz

4.4.1. Testing of the 6 % voltage Band for |v∆
Cαβ|

The programmable Ametek power supply cannot operate below 16 Hz. Therefore, to verify
the 6 % limit for v̄∗

c , from 10.67 Hz to 26.67 Hz, Hardware In the Loop (HIL) emulation of the
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Figure 4.5: Experimental setup.

experimental prototype is performed (including converter losses), using a PLECS-RT system
controlled by the dSPACE MicroLabBox platform. The HIL results are shown in Fig. 4.6.
Further details regarding the HIL methodology are discussed in [62, 88].

For t < 1 s the PMSG is operated at 10.67 Hz, with an output of 300 W. Between 1 s
≤ t ≤ 8.5 s a ramp variation in the generator speed is produced and the power output is
increased to 5 kW when the frequency reaches 26.67 Hz. The DC-link voltage changes from
312 V to 340 V. Notice that at low frequencies the CVOs are slightly reduced. This reduction
is a result of the approximations realised to obtain (4.17)-(4.18), (see Section 4.3.3), where
losses are neglected. However, this small reduction in |v∆

Cαβ| is not considered important
in this work because it does not affect much the performance of the proposed CCS-MPC
algorithm.

4.4.2. Variable-Speed Operation

To emulate the operation of a PMSG-based variable-speed wind turbine, the 180-second
wind speed profile shown in Fig. 4.7 is used to obtain the frequency and voltage profiles of the
10 MW direct-drive PMSG of the WECS reported in [75]. As mentioned earlier, the results
are scaled down and stored in the programmable power supply that emulates the PMSG.

Fig. 4.8(a) illustrates the CVOs for the six clusters of the grid-side MMC. The reference
v̄∗

c ≈ 350 V for each cluster and the 6 % is ≈ 21 V. Notice that the CVOs are well within
the 6 % voltage range (around 330 V to 370 V). This performance is made possible by the
proposed CCS-MPC, which effectively regulates the CVOs using the DC-link voltage [see
Fig. 4.8(b)] and the common-mode voltage [see Fig. 4.8(c)], without the need for circula-
ting currents, as demonstrated in Fig. 4.8(d). These control features have been extensively
discussed in Sections 4.3.3.1 and 4.3.3.3.

Fig. 4.8(e) shows the currents in each cluster, which consist of the generator currents
shown in Fig. 4.8(f) and the DC port current in Fig. 4.8(g). Notice that the total current in
the cluster is small during low-frequency operation due to the lack of circulating currents,
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Figure 4.6: Hardware-in-the-Loop results of voltage and frequency ramp
testing on the generator from minimum power (≈ 300 W) to rated power,
with a 6 % capacitor oscillation band. (a) Capacitor Voltages vP

Ca1, vP
Ca2,

etc., (b) Generator Voltages, and (c) DC-link Voltage.

Figure 4.7: Wind profile used in the experimental test.

which are usually large in conventional control methods[10, 12], when compensating large
low-frequency CVOs. The direct current at the PCC, between the hybrid-MMC and the
PMSG, is regulated using (4.13), as depicted in Fig. 4.8(f), where a peak current of 17 A and
unity power factor are achieved. The PMSG generated power is illustrated in Fig. 4.8(h),
reaching a peak power of 5 kW at t = 120 s, which corresponds to the moment when the
maximum stator electrical frequency of 26.67 Hz is attained. Additionally, the peak voltage
vdmax [see Fig. 4.8(i)] is also reached at t = 120 s.

4.4.3. Fixed-Speed Operation

To demonstrate the performance of the proposed CCS-MPC algorithm, an experimental
test is conducted, emulating a significant power perturbation at the lowest achievable fre-
quency using the programmable power supply. The experimental results are depicted in Fig.
4.9.

At t < 3 s the emulated PMSG operates with an output power of 1 kW, an electrical
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Figure 4.8: Experimental results for variable speed operation. (a) Cluster ca-
pacitor voltages, (b) DC-link voltage and generator frequency, (c) Common-
mode voltage, (d) Circulating currents, (e) Cluster currents, (f) Generator
currents, (g) DC port current, (h) Generated Active Power, and (i) Gene-
rator voltage.

frequency of 16 Hz, a voltage of vd ≈ 118 V at the PCC, and a 6 % for |v∆
Cαβ|. At t = 0.3

s, a step of ≈ 1 kW is applied [see Fig. 4.9(f)] to the power generated by the PMSG, while
maintaining the same operating frequency. As depicted in Fig. 4.9(a), after a short transient,
the capacitor voltages remain within the 6 % voltage oscillation band before and after the
power step. Additionally, the magnitude of the DC link current increases [see Fig. 4.9(b)] as
a consequence of the step-up change in the peak generator current [see Fig. 4.9(c)]. However,
as indicated by (4.17), the higher magnitude of id, reduces the value of V̄dc used as a reference
in the vector u∗ utilised in the cost function [see (4.9)] and in (4.28). Consequently, the CCS-
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Figure 4.9: Experimental results for active power step when the generator
operates at constant frequency and voltage. (a) Cluster capacitor volta-
ges, (b) DC port current, (c) Generator currents, (d) DC-link voltage, (e)
Common-mode voltage, and (f) Generated Active Power.

MPC algorithm lowers the DC-link voltage, leading to a new steady-state operating point
after a brief transient, with a new output power of 2 kW. Fig. 4.9(e) presents the tracking
of the common-mode voltage and its reference v̄0 [see (4.23)]. The tracking is almost perfect
with a very small difference after the power step. This feature is one of the advantages of the
proposed CCS-MPC, as it improves the modulation index throughout the entire operating
range.

Fig. 4.10 shows the frequency spectrum of the voltage v0 synthesised by the generator-side
converter in steady-state, after the power step. As aforementioned, the largest component
is the third harmonic, which is required to compensate the CVOs produced by the term
(vαβiαβ)c in (4.6)(a). However, there are two smaller frequency components. A dc component,
which is produced by the CCS-MPC algorithm, to compensate the capacitor voltage drift in
(4.6)(c) and also a fundamental frequency component which is required to compensate the
capacitor voltage drift in (4.6)(a). Notice that the last two components are automatically
introduced by the CCS-MPC. Unlike linear control system of MMCs[10, 12, 79], in the
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proposed CCS-MPC, it is not necessary to predefine the shape, frequency and phase-shift of
the required control actions.

17

18

0 20 40 60 80
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1

Figure 4.10: FFT analysis of the common-mode voltage synthesised by the
proposed CCS-MPC control actions for steady state operation.

4.5. Conclusions
This paper has discussed a Continuous Control Set Model Predictive Control of a hybrid

Modular Multilevel Converter driving a direct drive Permanent Magnet Synchronous Gene-
rator for variable speed wind energy applications. The outputs of the CCS-MPC algorithm
are the common-mode and the dc-link voltages. The control system enables the operation of
the CVOs within a predetermined range, facilitating the grid-side converter to function at a
higher DC-link voltage and thereby reducing the required DC-link current. Furthermore, it
has been experimentally demonstrated in this work that the reference for the common-mode
voltage, obtained using an algorithm based on the Moore-Penrose pseudo-inverse matrix, is
a third harmonic waveform which can be used to balance the capacitor voltages, as well as
increasing the modulation index.

The proposed control system has been validated experimentally using an experimental
system composed of two 5 kW hybrid-MMCs in a back-to-back configuration. Using a direct-
drive PMSG emulated using a programmable power supply, the CCS-MPC algorithm discus-
sed in this work has been tested considering variable-speed operation, using a wind profile,
and also considering fixed-speed operation. Moreover, hardware in the loop validation has
been used to verify the performance of the control system at frequencies lower than that
achievable with the Ametek power supply. The CCS-MPC algorithm demonstrated excellent
performance across all the conducted tests and considering the whole operating range.
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Chapter 5

Conclusions

5.1. General Conclusions and Future Work
The following section presents a set of comprehensive conclusions derived from an extensi-

ve doctoral project focused on the development and implementation of control strategies for
MMC-based drives. Throughout this research, several papers have been produced, addressing
various challenges and advancements in MMC control methodologies. The conclusions encom-
pass key findings related to the effectiveness of the proposed two-stage CCS-MPC strategy
for regulating capacitor voltages and circulating currents, achieving optimal saturation, and
the automatic determination of circulating current characteristics. Additionally, the analysis
covers the successful regulation of capacitor voltages under different frequency conditions, the
potential for one-stage CCS-MPC implementation, and the possibility of voltage balancing
and oscillation mitigation without the use of circulating currents.

These findings offer valuable insights into the control of MMC-based systems, suggesting
potential avenues for further research and advancements in this area of study. Moreover,
the section will also discuss potential avenues for future work in exploring and refining the
presented control strategies, aiming to further enhance the performance and efficiency of
MMC-based drives in diverse applications.

5.1.1. Conclusions
1. The two-stage CCS-MPC strategy developed in this work (Chapter 2) demonstrates that

the power-voltage and voltage-current models of the MMC can be effectively used to
regulate capacitor voltages and circulating current references, while considering current
and voltage constraints. This supports hypothesis 1, indicating that the power-voltage
and voltage-current models are utilised to develop the CCS-MPC for regulating capacitor
voltages and circulating currents with constraints.

2. The proposed CCS-MPC algorithm simplifies saturation control and achieves optimal
saturation of currents and voltages in the MMC, as evidenced by experimental results in
the context of Chapter 2. This result supports hypothesis 2, which suggests that CCS-
MPC can achieve optimal saturation that is challenging with SISO-based anti-windup
algorithms, as independent limiting of components may not fully exploit or properly
limit the cluster current or voltage.

3. The CCS-MPC algorithm presented in Chapter 2 automatically determines the wave-
form, phase, and sequence of circulating currents without predefined parameters. This
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conclusion confirms hypothesis 3, stating that the algorithm can adjust circulating cu-
rrents automatically in response to changes in the common-mode voltage waveform or
output port frequency, without modifying the control system.

4. By using an external controller to modify the weighting factors associated with the CCS-
MPC controlling capacitor oscillations, it is possible to regulate capacitor voltages within
an acceptable range, even at low frequencies. Additionally, the weight factor controller
enables the same control strategy to be applied for both high and low frequencies without
requiring a predefined transition method between regions. This aligns with hypothesis 4,
highlighting the capability of the CCS-MPC to regulate capacitor voltage fluctuations
and provide a smooth transition between different frequency regions.

5. The enhanced single-stage CCS-MPC algorithm developed in Chapter 3 shows that it
is feasible to implement a one-stage CCS-MPC that handles capacitor voltages and
circulating currents in a single optimisation problem. This reduces the computational
burden compared to the two-stage CCS-MPC approach. Thus, this conclusion supports
hypothesis 5, which suggests that the one-stage CCS-MPC is capable of handling both
dynamics and constraints in a single cost function.

6. The CCS-MPC approach proposed for a hybrid-MMC driving a direct-drive PMSG
in variable speed wind energy applications (Chapter 4) indicates that voltage balancing
and voltage oscillation mitigation in capacitors can be achieved without using circulating
currents. This conclusion directly supports hypothesis 6, which states that it is feasible to
achieve voltage balancing and mitigate voltage oscillations without relying on circulating
currents in the MMC control strategy.
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5.1.2. Future Work

Based on the results obtained in this thesis, the following are some interesting topics
for further research that can expand the scope of this doctoral project. These topics were
partially explored during the doctoral project but still require more work or have not been
fully explored yet.

1. Develop a power model for the converter that allows including common-mode voltage as
a control action along with the circulating currents within the MPC. This enhancement
aims to optimise the utilisation of available voltages in the MMC clusters effectively.

2. Since it is possible to obtain an unconstrained solution to the optimisation problems
posed in this thesis, conducting an analysis of the closed-loop transfer function could be
beneficial. In this analysis, the weighting factors of the cost function can be treated as
unknowns, allowing for tuning these weights based on the closed-loop response.

3. Similarly, the placement of poles in the closed-loop transfer function can be used to
ensure system stability when employing a CCS-MPC-based strategy, particularly when
the constraints are inactive.

4. Analyse how the proposed control strategy for the hybrid-MMC impacts the design and
performance of the converter connected to the grid.

5. Increase the number of controlled states by the CCS-MPC and incorporate integral
control to achieve zero steady-state error for AC and DC port currents while maintaining
the use of constraints, which is one of the principal advantages of MPC.

6. Increase the prediction horizon of the CCS-MPC and evaluate the computational burden
and performance improvement of the control strategies.

Addressing these areas of future research can further advance the field of MMC-based
drives, leading to improved control strategies and enhancing the overall performance and
efficiency of MMC systems in various applications.
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Annexes

Annex A. Optimisation problem simplification

To clarify the simplifications made to the cost functions described in this thesis, this
section presents the development of the substitutions of the equality constraints in the cost
functions. The MPC formulation incorporates perturbations in the system dynamics and
considers an equilibrium point different from zero to maintain generality. Additionally, the
formulation is designed with a one-step prediction horizon, but it can be easily extended for
longer horizons.

A.1. MPC Formulation

The complete MPC formulation is shown in (A.1), where x∗ is the reference state and u∗

is the equilibrium control action that brings the system to x∗.

min
xk+1,uk

(xk+1 − x∗)T Q (xk+1 − x∗) + (uk − u∗)T R (uk − u∗)

s.t. xk+1 = Axk + Bkuk + dk

Guk ≥W

(A.1)

Substituting the equality constraint into the cost function yields the following optimisation
problem:

min
uk

(Axk + Bkuk + dk − x∗)T Q (Axk + Bkuk + dk − x∗) + (uk − u∗)T R (uk − u∗)

s.t. Guk ≥W
(A.2)

which can be simplified to
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min
uk

uT
k BT

k QBkuk + uT
k Ruk + 2

(
dT

k QBkuk + xT
k AT QBkuk − x∗T QBkuk − u∗

k
T Ruk

)
+ xT

k AT QAxk + dT
k Qdk + x∗T Qx∗ + u∗

k
T Ru∗

k + 2
(
dT

k QAxk − xT
k AT Qx∗ − dT

k Qx∗
)

s.t. Guk ≥W
(A.3)

Note that (A.3) contains seven terms that are independent of the optimisation variable
uk (remarked in gray). Since these terms are constant for optimisation, they can be omitted
in the cost function without affecting the result of the optimisation problem.

Annex B. Active-Set method

The active-set method has been widely utilised since the 1970s to address quadratic optimi-
sation problems subject to linear constraints, which encompass both equality and inequality
constraints. Generally, active-set methods demonstrate high efficiency when dealing with pro-
blems involving a limited number of optimisation variables and constraints. This distinguishes
them from interior-point methods, which are often better suited for broader problems but can
be more computationally intensive [50, 89]. Essentially, active-set methods offer significant
advantages when addressing problems with a smaller number of variables and constraints.

This computational efficiency makes active-set methods particularly attractive for em-
bedded model predictive control applications, as is the case with this thesis [55, 56]. Their
computational performance aligns well with real-time implementations, where calculation
speed is of utmost importance. This aspect has been evidenced in the research cited in the
thesis, where the effectiveness of active-set methods in real-time scenarios has been highligh-
ted.

A general quadratic optimisation problem can be written as follows:

min
u

1
2u

THu+ uTf

s.t. Gu = W

Gu ≥ W

(B.1)

where H is a symmetric n× n positive semidefinite matrix, u and f are vectors in Rn, G
is a vector in Rm, and W is an m×n matrix. In this optimisation problem, a value of u must
be found such that the cost function is minimised and the equality and inequality constraints
are satisfied.

The active-set method detailed in this proposal is an iterative algorithm that solves a
quadratic subproblem at each iteration. This subproblem considers all the equality constraints
and some of the inequality constraints. The inequality constraints are imposed as equalities
in the optimisation subproblem. This subset of constraints is known as the working set (Vi)
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and must be updated at each iteration (i).

The active-set algorithm begins with an initial feasible solution u0 (a solution vector
that satisfies all the constraints), which does not necessarily have to be optimal. This initial
solution is usually calculated by solving a linear optimisation; however, it can be obtained
more easily depending on the problem’s constraints. Additionally, although the initial working
set can be created by evaluating which restrictions are active for u0, this set is generally
defined as V0 = ∅ by simplicity.

To solve the optimisation subproblem, the Karush–Kuhn–Tucker (KKT) matrix shown in
equation (B.2) is used. [

H −G′T

G′ 0

] [
∆pi

λi

]
=
[
−Hui − f

0

]
(B.2)

where ui is some estimate of the solution, ∆pi is a solution of this subproblem, λi is the
vector of Lagrange multipliers, and G′ are the constraints ∈ Vi.

After solving the KKT matrix, it must be verified whether ui is the solution to the global
problem (B.1). Otherwise, equation (B.3) is used to compute a step-length parameter αi that
is chosen to be the largest value in the range [0, 1] for which all no-active constraints are
satisfied.

αi = min
(

1, min
∀ {G,W }/∈Vi, GT ∆pi<0

W −GTui

GT ∆pi

)
(B.3)

For each iteration, if ∆pi = 0 and λi ≥ 0, it means that ui is an optimal solution of (B.1)
and the execution ends. Moreover, if ∆pi ̸= 0 or λi < 0, ui is not a global minimum and a
new algorithm iteration has to be executed. When ∆pi = 0 and λi < 0, the next step is to
remove the active constraint with a minimum Lagrange multiplier from Vi (to obtain Vi+1)
and start a new iteration using the same initial solution. If, on the contrary, ∆pi ̸= 0, it is
necessary to calculate a new estimated solution as follows:

ui+1 = ui + αi∆pi (B.4)

Finally, Vi+1 is obtained by adding the new active constraint (for ui+1) to Vi. A detailed
description of the active-set algorithm is presented below, where u∗ is the optimal solution.
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Algorithm 1 High-level pseudo-code representation of the active-set algorithm [50].
1: Compute a feasible initial point u0.
2: Set V0 = ∅.
3: i← 0.
4: while true do
5: Solve the KKT system (B.2).
6: if ∆pi = 0 then
7: if all the elements of λi ≥ 0 then
8: u∗ ← ui.
9: break.

10: else
11: Remove from Vi the constraint corresponding to the minimum λi.
12: ui+1 ← ui.
13: Vi+1 ← Vi.
14: end if
15: else
16: Compute αi from (B.3).
17: ui+1 ← ui + αi∆pi.
18: Create Vi+1 by adding the new active constraint.
19: end if
20: i← i+ 1.
21: end while

Annex C. Tuning the PI controller for online adapta-
tion of cost function weights

Although there is not a strictly analytical relationship regarding how the weights λ∆
α and

λ∆
β affect the magnitude of oscillations in the capacitors, some insights can be gained from

the following equation:

nCv∗
C

dv∆
Cαβ

dt
≈ 1

2Vdciαβ −
2
3idcvαβ − 2v0i

Σ
αβ (C.1)

Or, in d− q frame rotating at the frequency of the AC port (ωe) and orientated along the
voltage vector v∆

Cαβ,

nCv∗
C

dv∆
Cd

dt
≈ 1

2Vdcid −
2
3idcvd − 2v0i

Σ
d (C.2)

with this orientation, the imaginary component v∆
Cq can be neglected. Referring to (C.1), it

can be observed that the magnitude of oscillations in the capacitors is directly influenced by
the magnitude of the circulating current. Increasing the weights λ∆

α and λ∆
β , which penalise

the oscillations in the capacitors, consequently leads to an increase in the circulating current.
Based on the analysis described above, tests were conducted as illustrated in Fig. C.1.

These tests involved evaluating the overshoot and response time of the closed-loop system
when applying current steps at the AC port, a scenario known for its demanding operational
conditions. Through these comprehensive analyses, gains of Kp = 175 and Ki = 15600 were
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meticulously chosen. The outcome of these selections is the closed-loop response depicted in
Fig. C.1.
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Figure C.1: HIL results of the weighting factor adapter using the PI con-
troller. (a) Cluster current, (b) currents at the AC port, (c) circulating
currents, (d) capacitor voltages, and (e) PI controller output.

Annex D. The conventional SISO-based control sys-
tem used for comparison with the proposed
Two-Stage CCS-MPC

The control scheme utilised in the comparison conducted in Chapter 2 is presented below.
This scheme employs 9 linear controllers for reference calculation and control of circulating
currents. For the reader’s ease and for the completeness of this thesis, Fig. D.1 illustrates the
control scheme used in [11]. However, specific details can be found in the original publication.
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(a)

(b)

(c)

(d)

Figure D.1: Control scheme proposed in [11] for circulating current control.
(a) Control of the vector v∆

Cαβ, (b) Control of the vector vΣ
Cαβ, (c) Control

of the voltages vΣ
C0 and v∆

C0, and (d) Circulating current controller and gate
signal generation.

Annex E. Modulation scheme and sorting algorithm
In this thesis, a single modulation scheme has been employed, specifically the Level-Shifted

Multicarrier Modulation, in which all triangular carriers are in phase. The implementation of
this modulation scheme is carried out on a Xilinx Kintex-7 XC7K325T FPGA operating at a
clock frequency of 100 MHz. The triangular carriers are generated using Up/Down counters
that range from 0 to 4999, each with corresponding offsets for its carrier level. Further details
regarding the implementation of the Level-Shifted Multicarrier Modulation can be found in
the reference [90].

When the counters reach their minimum and maximum values, a signal with a duration
of one clock cycle is generated to synchronise all voltage and current measurements. Addi-
tionally, it triggers an interrupt signal that executes the control routine on the processor,
resulting in double-edge sampling. This setup yields triangular carriers with a frequency of
10 kHz and a sampling frequency of 20 kHz. Fig. E.1 illustrates one of the carriers and how
it synchronises with the trigger signal.
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Trigger signal

Triangular carrier

Figure E.1: Carrier and synchronization signal.

The sorting algorithm is also implemented within the FPGA. This algorithm rearranges
the switching signals generated by the modulation strategy, taking into consideration the
voltage sign to be synthesised, the sign of the current flowing through the cluster, and the
magnitudes of the capacitor voltages. If the cluster current and voltage are in the charging
phase, submodules with lower capacitor voltages are inserted. Conversely, if the cluster cu-
rrent and voltage are in the discharging phase, submodules with higher capacitor voltages
are inserted. This algorithm operates at a slower pace than the control strategy, running at a
frequency of 2.5 kHz to minimise the number of commutations caused by the sorting process.

Annex F. Proof of the Submitted Paper
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