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Abstract: This paper presents a model predictive control (MPC) strategy to regulate output voltages
in a multi-modular matrix converter topology for isolated loads. The converter system harnesses
power from a six-phase permanent magnet synchronous generator (PMSG) to deliver sinusoidal
voltages to a three-phase load, with LC filters positioned at the output of each MC module within the
multi-modular scheme. The proposed MPC approach ensures that the output voltages remain within
acceptable ranges of magnitude, phase, and frequency, even under load variations and system faults.
This control strategy is particularly suitable for uninterruptible power supply systems, microgrids or
other applications where voltage regulation is critical. Experimental studies validate the effectiveness
of the control strategy under various load conditions, reference voltage changes, and simulated

system fault scenarios. The results highlight the robustness and reliability of the proposed voltage
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updates control using the multi-modular matrix converter.
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Technologies 2024, 1, 170. The growing demand for reliable and efficient energy systems in isolated environ-
https://doi.org/10.3390/ ments has driven research into microgrids that harness renewable sources, such as wind
technologies12090170 energy [1-3]. These microgrids not only provide a clean and sustainable energy source but

also enhance the resilience of the electrical system by operating independently during dis-
ruptions to the main grid or natural disasters [4-6]. Microgrids are a key focus of research as
they provide an integrated platform for managing distributed generation, storage devices,
end-user loads, and power converters within a compact space, making them practical
alternatives to traditional grids [7-9]. They can operate in either grid-connected or islanded
mode, depending on generation capacity, grid integration, and consumer needs. In islanded

mode, they must maintain high-quality output voltage, with low harmonic distortion and
a fast dynamic response to fluctuations in generation or load dynamics [10,11].

In the context of wind energy generation, multiphase machines are gaining increasing
attention due to their significant advantages, including enhanced fault tolerance and
This article is an open access article ~ féduced current ratings for the same power levels [12-14]. These machines can continue to
distributed under the terms and operate even after one or more open phase faults without the need for additional hardware.
conditions of the Creative Commons ~Compared to traditional three-phase drives, they also offer reduced torque harmonics,
Attribution (CC BY) license (https:// ~ lower power ratings per phase, lower wiring costs, and smaller DC link capacitors [15-17].
creativecommons.org/licenses /by / Converting the electricity generated in distributed generation systems that make up a
40/). microgrid into a form that can be used by the electrical grid or isolated loads is generally
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carried out in two stages: a conversion from AC to DC, and then a conversion from DC to
AC to match the desired electrical conditions. Different types of power converters have
been used for this, including Active Front End (AFE), cascaded multilevel converters,
Neutral-Point Clamped (NPC) topologies, and modular multilevel converters [18-21].
However, these converters usually require energy storage, which can add weight, volume,
and increase the risk of failure. To solve this problem, researchers are developing a new
type of power interface based on a modular architecture that can connect AC sources to
loads without using energy storage. The matrix converter (MC) is a promising solution that
uses fully controlled bidirectional switches to provide a three-phase sinusoidal voltage with
variable amplitude and frequency [22,23]. Different control methods have been proposed,
such as PWM, SVM, fuzzy control, and model predictive control (MPC). MPC is a direct
control strategy that can reduce complexity and consider multiple control objectives and
constraints using different cost functions. It provides fast and accurate performance in both
the transient and steady states and has a high controller bandwidth [24,25].

Multi-modular matrix converters (M-MMC) are a novel electric power conversion
technology that has numerous advantages, including high efficiency, harmonic reduction,
increased reliability and scalability. They have gained significant popularity as an energy
conversion technology in applications that require high availability and are sensitive to
power quality. For instance, ref. [26] introduces a speed control method for a six-phase
induction motor powered by an M-MMC, and ref. [27] presents a current control approach.
However, no research has been conducted on the subject of voltage control.

This paper addresses the specific challenge of voltage control in systems powered
by a six-phase Permanent Magnet Synchronous Generator (PMSG), which operates inde-
pendently of the main power grid. The key innovation of this work lies in the integration
of the PMSG with two matrix converter (MC) modules within a multi-modular architec-
ture. This novel approach leverages control structures traditionally applied to three-phase
systems and extends their benefits to more complex multi-modular configurations, such
as the proposed M-MMC. The primary contribution of this research is the development
of a high-fidelity voltage control method based on the explicit predictive model of the
output filters to achieve voltage levels that exhibit high reliability. The proposed system
has been rigorously tested under various scenarios, including fluctuations in generation
and load, as well as potential failures in the MC modules. Furthermore, this paper presents
a comprehensive analysis of the robustness of the proposed control scheme in the face
of these challenges, along with a detailed study of the system’s complexity. The results
underscore the system’s ability to maintain stable performance under adverse conditions,
making it a promising solution for isolated power systems.

The structure of the remainder of the paper is as follows: Section 2 describes the
conversion scheme and the proposed control strategy; the design of the experimental bench
and the main results are presented in Section 3. In Section 4, the obtained results are
discussed, and an analysis of the complexity of the proposed system is carried out. Finally,
Section 5 offers a summary and the main conclusions of the work.

2. Proposed Predictive Voltage Control

This article proposes a predictive voltage control (PVC) scheme for an M-MMC with
LC output filter. The MPC technique utilizes a mathematical model of the system to
predict how the controlled variables will behave in the future. The discrete nature of power
converters simplifies the MPC optimization algorithm by allowing it to predict the system’s
behavior for only a limited set of possible switching states. This approach is known as finite
control set MPC (FCS-MPC). In this particular case, for PVC, the following steps are taken
to apply FCS-MPC: (i) the matrix converter (MC) is modeled as a finite state system; (ii) the
output filter’s discrete-time model is used to predict the controlled variable for each possible
switching state; (iii) the desired system response is defined by a cost function; and (iv) the
switching state that minimizes the cost function is selected for the next sampling period.
The following subsections will provide more detailed explanations of each of these steps.
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Input Filter

2.1. Finite-State Model of the MC

To apply PVC, the MC is first modeled as a finite state system, which means that
it is represented as a set of discrete states that it can occupy. This model should include
the dynamics of the converter, the switching states, and any relevant constraints. In the
proposed topology, a passive input filter is employed to connect two three-phase MC
modules to a single three-phase source. This topology can be seen in Figure 1. On the
other hand, an output filter (LC) is utilized to link the MC modules to the load. The AC
source produces voltages denoted uy, vy, and wy, where x € 1,2 indicates the respective
module. The MC input voltages are vjy,, Viyy and vjyy,, and the input currents are also
lixu, lixy, and ijyy,, respectively. The MC output voltages with respect to the corresponding
neutral point (N; or N) are Uoxa, Upyp and voxe. Moreover, the MC output currents are
iLxa, ipxp and ip ., respectively.

MC - Module 1

Output Filter
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Figure 1. Proposed PVC overall scheme.

If the voltage and current vector sets for the three phases are defined as:

Uixu Voxa
Vix = | Oixo |, Vox = | Doxb |-
L Yixw Doxc
lixu ILxa
liy = Lyo |, 1x = | Lxb |-/ 1)

L Lixw ILxc

the next set of vector equations establishes a relationship between the input and output
voltages and currents of the MC through the switching states:
_ . _ T -
Vox =S Viy, iy =87 -ipy, )
where S represents the instantaneous transfer matrix, which is a mathematical construct

that defines the relationship between the input and output variables of an MC at a given
instant in time, and is defined as follows:

Sua Sub Suc
S= Svu Sz;b Svc ’ (3)
Swa wa ch
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where Sy, € {0, 1} represents the state of the corresponding switch. The switching signals
Sxy must meet the following requirement in order to prevent short circuits on the input
side and guarantee uninterrupted current flow on the load side:

Suy + Soy +Swy =1. y €{a,b,c}. 4)

Each MC involves the use of nine controlled bidirectional switches (three for each phase)
that are activated in different configurations to facilitate energy conversion. Due to the
specific operational constraints imposed on the system, there are only twenty-seven per-
missible switching states [28].

2.2. Discrete-Time Model of the LC Output Filter

Once the relationships between the input and output variables of the MC modules
are established, it is possible to model the output filter. The output filter voltages (i.e.,
the connected to the load side) are vcy,, Ucyp and veye, and the output currents of the
output filter are given by ioyg, i,y and ioxe. Expressing the above using vectors in their
three phases,

Ocxa loxa
Vex = Ocxb | » lox = Loxb |- (5)
Ucexe Loxc

Applying Kirchhoff’s laws and using Equations (1) and (5), the continuous-time dynamic
model of the (LC) passive output filters, shown in Figure 2, is described by vector equations

as follows: dif . .
Vox - VCX = LfOW + Rfole, (6)
dv . .
Cfo7cx = 1Lx — lox, @)

where Cy, is the filter’s capacitor, and L, and Ry, are the output filter’s inductance and
leakage resistance, respectively. Next, the continuous-time model should be discretized
into a discrete-time model, which is suitable for use in PVC. This involves selecting a
sampling time and using numerical methods to approximate the continuous-time dynamics.
In this case, the model of the system is derived from the finite-state model of the MC,
expressed in Equation (2), the continous-time model of the output filter, indicated in
Equations (6) and (7), and the (« — B) transform defined in [29-32] as:

z—gz—lz—lz
tx—3a2h 2(:/

zg = % (?zb — \égz,;). (8)

z,p denotes the voltage or current in the stationary reference frame after the transformation
of the respective triphasic variables z,;.. Given that all of the parameters are constant
throughout all legs, the i} variable dynamic at the (« — B) reference frame is given by:

dip, .
Lfo% = Voap — VCap — RfolLap- )

On the other hand, the dynamic behaviour of the voltage through the capacitor v¢ of
the filter is defined as follows:

duc : .
CfoTO“B = 1Lap — loap- (10)

In this way, the system’s state-space representation, obtained from Equations (9) and (10),
is given by:
x = Ax + Bu, (11)

where:
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_Rpo 1 1 0
A=| o "In |, and B= [ O ] (12)
o 0 T

The equations mentioned describe the continuous time model for the output filters of each
MC module. This model takes into account the voltage across each capacitor vc,g and the
output current if,p as state variables. Finally, the discrete model of the system is given by

x(k+1) = Agx(k) + Bgu(k), (13)
being
Ts
A, = eATs, and B, :/ AT B4z,
0

A and B are given by Equation (12) and T; is the sampling time, and the selected value for
it will be discussed in the following section.
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Figure 2. Topology of the MC module with LC filter.
2.3. Prediction Model

The prediction model in this PVC strategy is used to predict how process variables
will change in the future. Thus, by using the discrete model that describes the system
dynamics, it is possible to predict the states of i; and v¢ as follows:

iLap(k+1) = an1ipap(k) + a12ocap (k)

. (14)
+ bllvoaﬁ(k) + blZZCaﬁ<k)

vcap(k+1) = anirap(k) + axnvcap (k)

. (15)
+ b2100ap (k) + b2icap (k)

being
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ay  ap bi1 bip }
A, = ,B, = ,
i [ az 4 } 1 { by1 by

where k indicates the present sample period and k + 1 denotes the start of the next sampling
time. As from the preceding equations it is possible to predict the values of the current
at the inductor and the output voltage in order to use them in the implementation of the
predictive control. The prediction model used, is a discrete-time model that considers the
effects of the system dynamics and external disturbances.

2.4. Cost Function

The main objective of the PVC is to quickly and accurately track the reference voltage v*
in response to changes in amplitude, frequency, and phase shift, as well as to changes in the
conditions of the load connected to the system. To achieve this objective, PVC uses a finite set
of voltage vectors that can be applied to each MC module. The control algorithm optimizes
the selection of these vectors over a future prediction horizon to minimize a cost function that
represents the tracking error. In this case, each module is considered independently, keeping
the voltage at the output of each filter constant and injecting half of the total current required
by the load. This control is carried out using the following cost function:

2
g = (—va)’+ (UE - Ucm) ,

2
& = (vp— UcZuc)z + (UE - UcZﬁ) , (16)

where v}, and Z)E represent the reference voltages in the « — 8 coordinate system, while v.1,,
Ucon, Uc1p, and vepp represent the predicted voltages in the a — f stationary reference frame.

2.5. Control Process and Switching State Selection Procedure

The control algorithm adjusts the voltage vector selection to keep the filter output
voltage for each MC module as close as possible to the reference voltage. A detailed
explanation of the switching state selection and control process is shown step by step below:

1. Start: The process begins at the Start block, marking the starting point of the control
process and switching state selection procedure.

2. Measurement: At the beginning of each sampling instant (k), the algorithm measures
various parameters such as input voltage v;,(k), output filter currents i, (k) and
iox(k), and output voltage vcy (k) for each phase 4, b, c. These measurements are then
transformed into the (¢ — B) subspace to simplify calculations. After transformation,
the values are discretized for processing.

3. Prediction calculation: With the measured and discretized values, the predicted cur-
rents ilz‘;l and voltages vgl are calculated using Equations (14) and (15), respectively,
and the reference values vgfzt.

4. Variable initialization: The variables g‘l’p " and o ! are initialized to infinity (co). This
is a preparatory step for later optimization.

5. Initial iteration: Set j = 0, indicating the start of an iteration cycle that will be key
for optimization.

6. Increment j: The counter j is incremented in each iteration, moving to the next set of
values to be evaluated.

7. Output vector calculation: The voltage vector voy is calculated using the value S; from
the current iteration.

8.  Future current and voltage calculation: With v, calculated, the predicted values of
the current iﬁz and the voltage ng for the next step are determined.

9.  Objective functions calculation: The objective functions g; and g are calculated,
which will be used to determine how optimal the calculated voltage vector is.

10. Evaluation and update of gipt: If g7 is less than gipt, then update gil’p * and save S;as
Sipt, along with the voltage vz’ft.
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11.  Evaluation sand update of ggpt: Similarly, if g5 is less than ggpt, then update g5" s jas
S and o8
2 7 02
12. Iteration limit check: Check if the counter j has reached the value 27, which would
indicate that all possible combinations have been evaluated.

13.  Application of optimal vector: If the limit has been reached, apply the optimal vector
SoPt which is selected from 5‘1’7” and S;pt, depending on which better minimizes the
objective functions.

14.  Wait for next cycle: The process stops and waits until the next sampling time, at which
point the entire cycle will be repeated for a new prediction and optimization.

The described process is iterative; key system variables are measured, predictions are made

for future voltage and current values, and the best control option is selected through an

optimization process. The flow diagram corresponding to the described control strategy is

presented in Figure 3.
Measure
Viz(k), voa(k), i (k) & to(k)

¥

Compute
skl k+1 opt
1;" & vcit! using v
Initialize
opt ._ opt . _
= oo, g, =l

=i+l
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Vog Using S;

Wait for the next
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k42 B+2 (oo o kbl k+1
1727 & vcht? using ij)" & vy

v
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Figure 3. PVC process and switching state selection flowchart.
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3. Results

Experimental tests were conducted to evaluate the proposed topology in this paper,
using the setup depicted in Figure 1. The experimental setup consists mainly of two MC
modules, each with three phases, which are powered by a six-phase permanent magnet
synchronous generator (PMSG). At the output of each MC module, there is an output
LC filter, and they are both connected to a single three-phase R-type isolated load. For
the control unit, a MicrolabBox device was used in conjunction with a SPARTAN 6 FPGA
device, which implements a safe switching strategy for the bidirectional MC switches.
Six voltage sensors were used to measure v;, and vcy, and six current sensors were used
to measure i1, and ijp,. The parameters used for the experimental tests are shown in
Table 1. The evaluation of the proposed system in this work was conducted using the
experimental setup shown in Figure 4. The system consists of two three-phase matrix
converter (MC) modules, each equipped with SiC-MOSFET power semiconductor devices.
Each MC module operates independently with its own input and output filters. For the
experimental tests of the M-MMC, a six-phase permanent magnet synchronous generator
(PMSG) was used as the input source, and a 20 kW three-phase AC variable load bank
was employed as the isolated output load. A detailed description of the elements and
equipment used in the experimental setup, including their manufacturers, models, types,
and specifications, is provided in the Table 2.

Table 1. Electrical parameters.

Parameter Symbol Value Unity
Input frequency fs 50 Hz
Input voltage peak Us 150 \%
Input filter capacitor Cyr 30 uF
Output filter inductor Ly, 10 mH
Output filter

capacitor Cto 20 WE
Load resistance R 8-16 Q
Sampling time Ts 50 us

Table 2. Description of elements and equipment of the experimental setup.

Element General Features Specifications
Manufacturer: Rohm Semiconductor. Kyoto, Japan = Vpgg = 1200 [V], Ip =40 [A]
Matrix Converter Type: SiC-MOSFET. Model: SCH2080KE [33] Pp =262 [W]
onverte Manufacturer: TI. Dallas, Texas, U.S I, =2.5[A], fi, =520 [kHz]
Type: Isolate gate driver. Model: ISO5500 [34] Pp =592 [mW]

Manufacturer: Qingdao Minshen Wind Power
Technology Co., Ltd., Qingdao, China
Type: Permanent Magnet Synchronous [35]

20 [Hp]—Power. 750 [Vrms]—Voltage
50 [Hz]—Frequency
12—Pairs of Poles

Generator Generator—(PMSG) 8.7180 [Vs]—Magnetic Flux (per phase)
Waveform: Trapezoidal 2.205 [Ohm]—Stator Resistance
0.0780 [H]—Stator Inductance
Manufacturer: SIPCON SRL. Luque, Paraguay
Output Filter Inductor. Type: Iron Core 10 [kw], 15 [A], 50 [Hz]
Capacitor. Type: Non-polarized 400 [VAC], 50/60 [Hz]
Manufacturer: TE Conectivity. Schaffhausen,
AC Variable Load Bank  Switzerland 20 [kW]—Max power
Type: Tubular Ceramic Core Resistor 380 [V], 3 Phase, 4 Wires
Manufacturer: dSPACE. Paderborn, Germany Compatible with Matlab Simulink 2018b
Control Unit Type: MicroLabBox. Model: 1202 [36] 2 GHz dual-core real-time processor

100 I/O channels, Ethernet interfaces
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Figure 4. Experimental setup.

In Figure 5, the results of the M-MMC operation using the PVC strategy are presented.
Figure 5a,b show the output voltage waveform behavior of each module for a voltage
reference equal to 40 V/60 Hz and 100 V/30 Hz, respectively. In both cases, the waveform
of the output current ig, feeding the resistive load at the output can be observed in a single
phase, similar results were obtained in the other phases. Figure 5c,d correspond to the
transient responses of the proposed system for a reference voltage v* = 40 V. Figure 5¢
represents the response to a change in the reference frequency f* = 30 Hz to f* = 60 Hz
and phase shift of 70 degrees, and Figure 5d represents the voltage tracking response at
the output versus a change in the amplitude and phase of the reference corresponding to
v* =40V to v* = 50V, and a phase shift of 70 degrees. The obtained waveforms show the
effort of the implemented predictive control against transient variations in frequency and
amplitude of the output voltage.
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Figure 5. Cont.
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Figure 5. Experimental results of the M-MMC with PVC applied to an isolated load. (a) Steady-
state response for v* =40V and f* =60Hz in both modules. (b) Steady-state response for
v* =100V and f* =30 Hz in both modules. (c) Transient response for a change in the refer-
ence frequency from f*=30Hz to f* =60 Hz with v* = 40 V and a phase shift of 70 degrees,
and (d) Transient response for a change in the reference amplitude from v* = 40 V to v* = 50 V
with f* =30 Hz and a phase shift of 70 degrees.

Tests were conducted on the system to assess its performance under different operating
conditions. Specifically, the system was evaluated by varying the output resistive load.
Figure 6 the evaluations are observed made to the topology against variations in the output
load corresponding to values from R = 16 () to R = 8 (). In both figures, the voltage tracking
at the output of each module is observed, with a constant behavior in the reference tracking
even after the change in the load (increase of the current i,,), for a reference of v* =50 V
and f* =20 Hz.

crsec [ T [P
f P P
a\wﬁW\f “ /'" \f\uW VaV,
....... UC2(1 o
AVAVAVAVAVAVAVAV, A/
l
" o = i “ ﬁb‘ 'ﬁ"‘ fﬂ% 'ﬁ% f%ﬂ 1
i P R A S ! Ly voog F
@\rf""\,”\ svsf%f-%j';# /
\VJ’( \%‘f . .’“-"/ b \ ',»,_«Ao‘ : “'“wni °=&j . t’q% I Qw*p “f'w%ﬁ
H_QQOV/dié\u 5A/div 50 ms/div

M ‘ T @ = a0 ) = 5 J(_ 5éms 8.608s @ 7 3.9 DC

Figure 6. Experimental results of the M-MMC with PVC applied to an isolated load. Response for a
step change in the load from R = 16 Q to R = 8 ), with f* =20 Hz and v* =50 V.

Finally, the proposed control strategy for the M-MMC topology was tested under fault
conditions. One of the M-MMC modules was deliberately failed during the experiment
and the behavior of the control strategy was evaluated. Figure 7 shows the output voltage
waveforms of both modules following a 40 V /60 Hz reference. Figure 7a sudden failure
of module 2 is observed, with a gradual decrease in voltage vy, to 0 V. However, the
reference voltage tracking of module 1 remains constant before and after the fault event,
and Figure 7b module 1 is initially observed with an output voltage equal to 0 V, and
at a given moment it is put into operation in order to observe the coupling to module 2,
which is in operational from the start of the experiment. In both cases, it is observed that
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the waveforms of the output current i,, remains stable, with no significant variations,
despite the fault event in one of the modules. These results demonstrate the effectiveness
of the proposed control strategy in maintaining system stability and reliability even under
fault conditions.
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Figure 7. Experimental results of the M-MMC with PVC under fault conditions. (a) Response of the
PVC under failure in module 1 of the M-MMC. (b) Response of the PVC at the moment of coupling
module 1 with module 2 of the M-MMC.

4. Discussion

The presented results highlight the effectiveness and robustness of the PVC strategy
when applied to the M-MMC topology under various operating conditions, including
resistive load variations and fault scenarios. The following sections discuss these results
and include a study related to the complexity of the proposed topology, associated costs,
and failure probability.

4.1. Output Voltage Waveform Behavior

Figure 5a,b illustrate the output voltage waveforms for two different voltage references,
40 V/60 Hz and 100 V/30 Hz, respectively. The observed waveforms demonstrate the
M-MMC’s ability to maintain constant output voltage waveforms across different modules.
This stability is critical for applications requiring precise voltage control and high reliability.
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4.2. Transient Response Analysis

The transient responses, as depicted in Figure 5¢,d, provide insight into the system’s
performance during rapid changes in operating conditions. Figure 5c shows the system’s
response to a frequency change from 30 Hz to 60 Hz and a phase shift of 70 degrees, while
Figure 5d demonstrates the voltage tracking response to an amplitude change from 40 V to
50 V and a similar phase shift. The results indicate that the implemented predictive control
can effectively manage transient variations, maintaining voltage stability and ensuring
accurate tracking of the reference signal.

4.3. Load Variation Performance

The system’s response to load variations is examined in Figure 6. The tests involved
changing the resistive load from R = 16 Q) to R = 8 (), with a reference voltage of 50 V
and a frequency of 20 Hz. Despite the increase in current iy,, the output voltage tracking
at each module remained consistent, demonstrating the system’s capability to adapt to
load changes while maintaining accurate reference tracking. This adaptability is crucial for
applications with fluctuating load demands.

4.4. Fault Tolerance

The fault tolerance of the proposed control strategy is evaluated in Figure 7, where
one M-MMC module was deliberately disabled. Figure 7a illustrates the sudden failure of
module 2, with its voltage vy, dropping to 0 V. Despite this failure, module 1 continued
to accurately track the reference voltage. Figure 7b presents the scenario where module
1, initially at 0 V, was activated to observe its interaction with the operational module
2. In both fault scenarios, the output current i,, remained stable, demonstrating that the
control strategy effectively maintained system stability and reliability despite the failure of
one module.

The results demonstrate the efficacy of the PVC strategy in ensuring stable operation
of the M-MMC topology under various conditions, including different voltage references,
transient variations, load changes, and fault scenarios. The ability to maintain accurate
voltage tracking and stable current waveforms across these conditions underscores the
robustness of the proposed control strategy. These findings are significant for the develop-
ment of reliable and fault-tolerant power conversion systems in applications where stability
and precision are paramount.

4.5. Complexity and Cost of the M-MMC Topology

Finally, it is crucial to discuss the fundamental role of the Permanent Magnet Syn-
chronous Generator (PMSG) in the generation stage, as well as the proposed topology for
the conversion stage, based on the Multi-Modular Matrix Converter (M-MMC). Distribut-
ing power across a greater number of phases offers significant advantages for medium
to high-power applications since the power per phase is reduced for a constant nominal
power, allowing for more efficient sizing of power electronics and consequently reducing
the associated costs.

In this context, an analysis of power semiconductor costs based on advanced technolo-
gies, such as fourth-generation SiC MOSFETs, was conducted. This study evaluated the
semiconductors used in the MC modules that make up the proposed multi-modular topol-
ogy, considering devices from Rohm and distributed by DigiKey, with the aim of comparing
the economic advantages of converting a three-phase system to a six-phase system. Table 3
shows the price list of fourth-generation semiconductors based on SiC-MOSFET technology.
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Table 3. Unit price of 4th-Gen SiC-MOSFET semiconductor devices for different maximum currents.

Model Voltage [V] Current [A] Price [USD]
SCT2450KEHRC11 1200 10 11.57
SCT3105KLHRC11 1200 24 13.43
SCT3080KLGC11 1200 31 20.3
SCT3040KLGC11 1200 55 26.87
SCT3030KLGC11 1200 72 77.99
SCT3022KLHRC11 1200 95 106.67
SCT3120ALGC11 650 21 8.8
SCT3080ALGC11 650 30 11.57
SCT3060ALHRC11 650 39 20.18
SCT3030ALHRC11 650 70 36.06
SCT3022ALHRC11 650 93 54.24
SCT3017ALHRC11 650 118 100.8

The study found that the cost of a 55 A device, such as the SCT3040KLGC11, is
26.87 USD, while a 95 A device, like the SCT3022KLHRC11, costs 106.67 USD, both with
a maximum operating voltage of 1200 V. For a three-phase system requiring 95 A per
phase, and considering that each MC module consists of 18 semiconductors (nine logic
switches each composed of two semiconductors), the total semiconductor cost would be
1920.06 USD. However, by converting the system to an equivalent six-phase configuration,
36 devices of 55 A would be needed to handle the same current (allowing up to 110 A
in total, which is greater than the 95 A required per phase in the original system). The
total cost in this case would be 967.32 USD, resulting in a significant reduction in power
semiconductor costs of 952.74 USD. This clearly demonstrates an economic advantage of
multi-modular matrix systems compared to traditional matrix converters.

Figure 8 shows the price curve for fourth-generation SiC MOSFET semiconductors as
a function of the maximum current they can handle, for two maximum working voltages.
This graph, based on data from Rohm and DigiKey prices in August 2024, reveals that for
high currents, the price curve becomes exponential, highlighting the importance of current
reduction in terms of cost savings.
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Figure 8. Unit price of SiC-MOSFET 4th Gen semiconductor devices as a function of maximum
supported current.

Additionally, the reduction in current per phase allows for higher switching frequen-
cies, which decreases the size of magnetic components and filtering requirements, further
increasing the power density of the conversion system [37-39]. Since the cost-to-power
handling capacity ratio is not linear, in some applications, reducing the current by half can
lead to a significant decrease in implementation costs. Traditionally, power converters have
been designed for specific applications, minimizing the number of power devices to reduce
the probability of failure and, consequently, operation and maintenance costs. However,
this approach limits fault tolerance and converter availability since a component failure
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can halt the entire system. Although the proposed topology, based on the M-MMC, incor-
porates twice as many semiconductors as the MC topology for three-phase systems, which
could increase complexity and the probability of failure, it offers significant advantages in
terms of availability and costs, as demonstrated in this study. At the analyzed power level,
the system presents an even better cost-benefit ratio.

5. Conclusions

This work proposes the implementation of a PVC strategy applied to a multi-modular
matrix converter, which serves as a conversion stage to supply sinusoidal voltages to a
three-phase load through an output LC filter. The control strategy has been shown to be
viable under both transient and steady-state operating conditions. The results demonstrate
adequate voltage tracking in response to a reference voltage variation in amplitude, fre-
quency and phase, under different load conditions. Furthermore, the proposed control
scheme is robust against fault conditions that may occur in any of the three-phase MC
modules, as it can compensate for the power delivered to the load by optimally distributing
the current injected into the load through the remaining operational module. The experi-
mental results of the proposed predictive voltage control technique using a multi-modular
matrix converter have proven to be viable in applications where high reliability and an ade-
quate voltage harmonic profile are required, such as the integration of renewable energies
in microgrids.
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Abbreviations

The following abbreviations are used in this manuscript:

AFE Active front end

FCS-MPC  Finite control set model predictive control
M-MMC Multi-modular matrix converter

MOSFET  Metal-oxide-semiconductor field-effect transistor
NPC Neutral point clamped

pPVC Predictive voltage control
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PWM Pulse with modulation
SiC Silicon carbide
SVM Space vector modulation
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