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Background and Objectives: Due to the disadvantages of the traditional AC-DC-AC
converters, especially in electric drive applications, Matrix Converters (MCs) have
been widely researched. MCs are well-known structures that remove the DC-Link
capacitor and provide bidirectional power flow, while also giving the ability to
control reactive power flow, which the AC-DC-AC converter lacks.

Methods: In this work, Model Predictive Current Control (MPCC) is utilized in
conjunction with the MC to provide more versatility and controllability than
traditional control methods. The work endeavors to investigate the current control
of the MC utilizing the finite control set Model Predictive Control (MPC) approach.
Results: Current tracking performance, reactive power control, and switching
frequency minimization have been included in the objective function of the
controller. Moreover, the results have been compared to the traditional AC-DC-AC
converters under similar circumstances. The MC can reduce the switching
frequency by 40% compared to the AC-DC-AC converter while maintaining the
same current THD value. Additionally, it achieves a 58% reduction in current THD
compared to the AC-DC-AC converter at the same average switching frequency.
However, in the MC, the mitigation of reactive power and the reduction in
switching frequency have opposing effects on the current tracking performance.
Conclusion: This work proposes an MPCC method for the MC with an RL load,
effectively controlling load current and reactive power. The reduction of switching
commutations was also evaluated using different weighting factors in the
prediction strategy for both the MC and AC-DC-AC converters. Simulation results
demonstrate that the MC outperforms the AC-DC-AC converter in dynamic

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

response and reactive power control.
m

Introduction

control the grid-side power factor and produce low

Nowadays, in multifarious industrial applications, Matrix
Converters (MCs) are preferred as a replacement of the
traditional AC-DC-AC converters including DC-link
capacitors [1]-[4]. Eliminating the DC-link capacitors,
results in a more compact, lower weight, and more
reliable converter structure [4], [5]. Moreover, the MC
has a relatively lower number of switching elements with
bidirectional power flow ability [4], [5]. The ability to

Doi: 10.22061/jecei.2025.11435.804

distorted input and output waveforms makes MCs
attractive for different industrial applications [5].

Since the MC topology was introduced, different
methods have been applied to control it [4]. The pulse-
width modulation [6], [7] approach and space vector
modaulation [8], [9] strategies are the two most prevalent
approaches used to control the MCs. Moreover, in the
control of electrical motor drives fed by MCs, Direct
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Torque Control (DTC) has been utilized [10]-[12]. But, in
combination with the MC, the mentioned methods are
complicated. Other control methods have been proposed
for MCs [13]-[16]. However, the main drawback of these
control methods is their complexity which makes them
unsuitable for industrial applications.

To provide a superior dynamic response and to
overcome the complexity in the control of MCs, Model
Predictive Control (MPC) was suggested. In addition, MPC
is compatible with the system's nonlinear nature and
restrictions [17]-[18]. Several works have reviewed the
MPC strategy for MCs [17]-[21]. Moreover, in the case of
induction motor drives supplied with an MC, different
MPC methods have been suggested. The common MPC
strategies that have been developed for MCs are
Predictive Current Control (PCC) [22]-[24], Predictive
Torque  Control [25]-[27], Predictive  Voltage
Control [28]-[29], and Predictive Power Control [30]-[31].
Among them, PCC is the most popular. Different
objectives have been considered in the cost function of
the PCC, including reactive power [32]-[34], Common-
Mode (CM) Voltage [35], switching Losses [36], and
efficiency [36]. In [37], the standard weighting factor
selection in the objective function is replaced by a fuzzy
decision-making strategy, demonstrated through a case
study on controlling load and supply currents in a direct
matrix converter (DMC). This approach eliminates the
need for weighting factors and introduces a simplified
selection scheme. However, fuzzy control strategies rely
heavily on expert knowledge, making them prone to
errors if the rules or membership functions are poorly
designed. They can also be computationally demanding in
complex systems and lack predictive capabilities, limiting
their effectiveness in applications requiring anticipation
of future system behavior.

In [38], to mitigate the effects of unbalanced grid
voltages, an extended instantaneous power theory
generates source current references, ensuring sinusoidal
source and balanced output currents. An extended state
observer (ESO) eliminates the need for grid voltage
sensors by estimating grid voltages and providing delayed
voltage information for current reference calculations.
However, the ESO is sensitive to model inaccuracies,
noise, and parameter variations, which can degrade
performance. It also requires precise tuning and adds
computational complexity, making real-time
implementation challenging in some systems.

Due to the efficacy of the PCC method, this paper
concentrates on the MC with the Model Predictive
Current Control (MPCC) strategy. Moreover, although
many works have studied the MPC of MCs, a comparison
between the MC and AC-DC-AC converter with MPCC has
not been presented. As a result, this paper investigates
the performance of the MPCC strategy for the MC and AC-
DC-AC converter. The remainder of this manuscript is
structured along these lines: first, the mathematical
model of the MC is explained. Then, the MPCC of the MC
is described. After that, the simulation results are given
for an MC with MPCC and an AC-DC-AC converter with
MPCC. Finally, the conclusion is given.

Mathematical Model of an MC

Fig. 1 presents the topology of the three-phase MC.
The MC consists of nine bidirectional power electronic
switches that supply a three-phase R-L load. The MC is
connected to the three-phase power grid using an L-C-R
filter (as shown in Fig. 1). The switching condition of each
bidirectional power electronic switch is represented by
Sxy, Where x is the source phase (x € {u, v, w})andyis the
load phase (y € {a, b, c}) (as shown in Fig. 1).
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Fig. 1: Topology of a three-phase MC [19].
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Note that in the operation of the MC, the short-
circuiting of the power source must be avoided by the
following restriction [19]:

Suy+ Spyy +Swy =1 V ye€{ab,c} (1)

Moreover, in the case of inductive loads, the load
current must be continuous to avoid overvoltage in the
power electronic elements.

The output voltage of the MC can be derived from the
input voltage as follows [21], [22]:

Van (t) Sua Veu(t)
UpN (t) [ ub vb l Vev (t) (2)
Ven (t) Suc yc Vew (t)

or

vo(t) = T+ v,(2) )

in which T is the transformation matrix and v, (k) and
v, (k) are the output voltage and input voltage of the MC,
respectively:

Ve (t)
Ve = | Vep (t) (4)
Vew (1)

Note that the above voltages are written relative to
source mid-point N.

The phase voltage relative to the load neutral can be
written as [37]:

aN
v,(t) = [Vbzvl and

van nN

von(t) = |Ypn| = |VbN — Vnn (5)
v f—

V,n €an be extracted as [19]:

_ Ugn t+ Vpy T Uy (6)
Unn = - 3
where n is the neutral point of the load.

The input current can be derived from the output
current of the MC as [22]:

leu (1) iq(t)
iev (t) [ l lb (t) (7)
Lew(t) ic(t)

or

i,()=T"-i,(t) (8)

i.(k) and i, (k) are the input current of the MC and load
current, respectively:

Lo (1) fq (t)
i(t) =[lew@®| and i,(t) =|ip(0)
Lew (1) ie(t)

Using the circuit theory, the input filter state-space
model can be derived as [21], [22]:

[o L] [o -1
C
x(t) = | . ;;Ix(t)+ L Mo (10}
i A
B

Rf, Lf, and Cf are the filter resistor, inductor, and
capacitor, respectively. The state and input vectors are as:

V.(t V,(t
x(t)=[.9() and u(t) = [.S()

i5(t) i (t)
V,(t) and i (t) are the voltage space vector and current
space vector at the power supply side, respectively, and
can be written as:

(11)

V,(t) = 2/3(v, + av, + a®v,,) (12)

i.(t) =2/3(iy + ai, + a?i,) (13)

Using (10), the filter discrete model can be obtained
as [39]:

is(k+1)=A4,2,1D)V.(k)+A4,2,2)i(k)+ (14)
B,(2,1) Vs(k) + B4(2,2) i.(k)
with:
T,
A, =e*" and B, = f eAcTs=DB dr (15)
0

A_ and B, matrixes can be calculated from (4). Ty is the
sampling time.

MPCC of the MC

Fig. 2 illustrates the block diagram of the MPCC for an
MC. For all 27 switching conditions of the MC, the load
current must be calculated in the next sampling instant.
The optimum switching condition for minimizing the
objective function is chosen and utilized in the converter
in the next sampling instant.

The resistive-inductive load discrete-time model can
be written as [40], [41]:

T o 2 T
S + L @) (16)

i(k+1) = (1 -
where k is the sampling instant. R and L are the load
resistor and inductor, respectively.
V,, (k) and i, (k) are the load phase voltage and load
current and can be calculated from (2)-(8).
The general cost function can be written as:

gk+1)=gi(k+1)+ 1590k +1)+

As ng, (k + 1) 7)

where g;, Q, and ny,, are the objective terms regarding
the load current, reactive power, and number of
switching commutations, respectively. Aq and As are the
weighting factors that adjust the reactive power, and
switching commutations, respectively.
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Fig. 2: Diagram of the MPCC for the MC [20].

gi can be written as [40], [41]:

gi = |igg (e + 1) = ib, (k + V)| + [i5p(k + 18)

1) — Py (k + 1)

with

. 20 1. 1.

loa = §(loa - E lop — E loc) (19)

_2(3 V3

top =3\ 73 tob T loc (20)
Moreover, g, can be written as [39]:

o = 10" —Q(k + 1)| (21)

in which Q* is the desired reactive power value. Q(k + 1)
is the grid-side reactive power and can be computed
as [37]:

Qtk+ 1) =Im{Vy(k+1)-t,(k + 1)}

=vsp(k + 1) ise(k + 1) (22)
— Ve (k+ 1) L'S,g(k +1)
In addition, ng,, can be defined as [39]:
New(k +2) =
(23)

Z Z |Sxy (k +2) = Sy (k + 1)

x=u,vy,w y=a,b,c

In Fig. 3 the flowchart of the MPCC for an MC is given.
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Fig. 3: Flowchart of the MPCC of the MC.
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Results and Discussion

The proposed MPCC strategy has been verified by
simulating an MC using MATLAB/Simulink. An AC source
with a 180 V amplitude and a 50 Hz frequency has been
used. The resistance, inductance, and capacitance of the
input filter are 0.5 Q, 400 pH, and 21 pF, respectively. A
three-phase load with resistance of 10 Q and inductance
of 30 mH has been used. The sampling time Ts and
simulation time-step Tsm are 20 psec and 1 psec,
respectively.

Fig. 4 presents the simulation results of the MC with
the MPCC. The weighting factors Aq and As are set to zero.
The reference currents amplitude is set to 8 A at t=0 sec
and is changed from 8 A to 4 A at t=0.1 sec. Fig. 4(a)
demonstrates the load current in the MC with the MPCC
strategy. The converter has an excellent current tracking
performance. Figs. 4(b)-(c) present the phase voltage
(Van), and line-to-line voltage (Vab) of the MC with the
MPCC method. Fig. 4(d) shows the current of the power
supply iv and the input current of the MC ieu. It is visible
that the quality of the power supply current is improved
due to the existence of the L-C-R filter. Fig. 4(e) reveals
the voltage and current at the power supply side. For
Ag=0, the input power factor is not controlled. Fig. 4(f)
demonstrates the instantaneous reactive power at the
power supply side. The reactive power is not controlled.

However, the MC with the MPCC procedure can
control the grid-side reactive power. The reactive power
at the power supply side can easily be adjusted by
increasing the weighting factor Aq in the objective
function of MPCC.

Fig. 5 shows the simulation results of the MC with
MPCC for Aq=0.008, indicating an increased weighting
factor for the instantaneous grid-side reactive power
control parameter in the MPC, compared to Fig. 4.

Fig. 6 presents the simulation results of the MC with
MPCC for Aq=0.02, the maximum allowable weighting
factor for the instantaneous grid-side reactive power
control parameter in the MPC, while maintaining the
proper current tracking. The parameters used in the
simulation are like Fig. 4.

The simulation results demonstrate a significant
reduction in the instantaneous grid-side reactive power
between the three cases. In Figs. 5-6, where the weighting
factor for reactive power control was increased, the
system exhibits a marked improvement in minimizing
reactive power flow to the grid. This reduction is evident
in the smoother and more stable reactive power
waveform, which is closer to zero compared to the first
simulation. The enhanced control strategy effectively
mitigates the fluctuations in reactive power, leading to
better overall grid-side power quality and improved
system efficiency.
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Fig. 4: Simulation results of the MC with MPCC for Aq=0: (a) load currents; (b) phase voltage Van; (c) line voltage Vap; (d) iy and iey; (€)
15xi, and V, voltage; (f) reactive power.
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In the next part, the behavior of the MC and the AC-
DC-AC converter using the MPCC is compared. Fig. 7
illustrates the structure of the AC-DC-AC converter. The
simulation parameters of the AC-DC-AC converter are the
same as the MC. The DC-link capacitor is C=2 mF in the
AC-DC-AC converter. Fig. 8 presents the simulation
outcomes in the AC-DC-AC converter with MPCC.

Fig. 8(a) shows the load current in the AC-DC-AC
converter with the MPCC method. Figs. 8(b)-(c) present
the phase voltage (Van), and line-to-line voltage (Vab) of

Diode Rectifier

the AC-DC-AC converter with MPCC method. Fig. 8(d)
represents the voltage and current at the power supply
side. Fig. 8(e) illustrates the instantaneous power supply
side reactive power.

The reactive power is high because the AC-DC-AC
converter cannot control it. Moreover, it is visible that the
phase and line voltage waveforms as well as the power
supply side voltage and current waveforms are more
distorted in the AC-DC-AC converter in comparison with
the MC.
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Table 1 compares the load current THD in the AC-DC-
AC converter and MC, both using MPCC. The weighting
factor is As=0. The current THD is lower in the MC with
Aq=0. By increasing Aq, the grid-side reactive power of the
MC s controlled. Consequently, the tracking performance
and THD index of the load current deteriorate. If the
reference current amplitude is set to 4 A, the current THD
is reduced from 0.983% in the AC-DC-AC converter to
0.594% in the MC, which is a 39.58% reduction. If the
reference current amplitude is set to 8 A, the current THD
is reduced from 0.458% in the AC-DC-AC converter to
0.318% in the MC, which is a 30.57% decrease.

In the next part, an extra term related to the number
of switching commutations is added to the objective
function of the MPCC to mitigate the switching frequency
of the MC. The system performance and the average
switching frequency in the MC have been evaluated with
various values of the weighting factor As.

Fig. 9 illustrates the effect of two different values of As
on the performance of the MC. The weighting factor Aq is
set to zero.

The weighting factor As is changed from zero to 0.06 at
t=0.05 sec. Figs. 9(a)-(b) show the load current and gate
pulse Sua in the MC with MPCC. As can be seen, increasing
As mitigates the average switching frequency of the MC
from 11.132 kHz to 7.227 kHz. However, it is evident that
in higher values of As, there is more current distortion.
Note that the switching frequency in Fig. 11 is determined
based on the number of switching commutations in a
period T for different switches. The average switching
frequency of the MC can be calculated as:

1
fs—avg = EZx:u,v,w Zy:a,b,c ny (24)

where N,y is the number of switching commutations for a
specific switch, x is the source phase (x € {u,v,w})andy
is the load phase (y € {a, b, c}).

Fig. 10 presents the effect of two different values of As
on the performance of the AC-DC-AC converter. The
simulation parameters are the same as Fig. 9. In the AC-
DC-AC converter, by increasing As from zero to 0.06, the
average switching frequency reduces from 11.205 kHz to
8.39 kHz.

Table 1: Comparison of the load current THD [%] in AC-DC-AC converter and MC with MPCC for 1,=0

Matrix Converter

AC-DC-AC Converter

Ag=0 1g=0.008 Aq=0.02

Min 0.976 0.578 0.841 0.975
lef=4 A Max 1.031 0.611 0.911 1.090
Avg. 0.983 0.594 0.900 1.034
Min 0.452 0.300 0.475 0.688
lef=8 A Max 0.471 0.324 0.526 1.237
Avg. 0.458 0.318 0.488 0.878
A=0 A_=0.06
D I € - = - - >
10+ — 7ib -
? sl /\ 7
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oL 1 Il Il Il 7
0 0.01 0.02 0.03 0.04 .05 0.06 0.07 0.08 0.09 0.1

15— 71— |

f =11132 Hz

1 1 1
0 0.01 0.02 0.03 0.04
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Fig. 9: Impact of A; on the performance of the MC: (a) load currents; (b) gate pulse Sy..
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Fig. 10: Impact of As on the behavior of the AC-DC-DC converter: (a) load currents; (b) gate pulse Si.

Table 2 presents the load current THD of the AC-DC-AC
converter and MC with MPCC for and As=0.05.

Fig. 11 compares the current THD versus the average
switching frequency in the matrix and AC-DC-AC
converters with MPCC. It is visible that for a similar
switching frequency, the current THD is lower in the MC

compared to the AC-DC-AC converter and vice versa. As
an example, at THD=0.48%, the average switching
frequency is reduced from 10.4 kHz in the AC-DC-AC
converter to 6.5 kHz in the MC. At the average switching
frequency of 7 kHz, the THD is reduced from 1.01% in the
AC-DC-AC converter to 0.435% in the MC.

Table 2: Comparison of the load current THD [%] in AC-DC-AC converter and MC with MPCC for 1,=0.05

Matrix Converter

AC-DC-AC
Converter <0 A¢=0.008  Ag=0.02

Min 1246 0872  1.015 1.133

let=4A  Max 1299  3.082  1.175 1.352
Avg. 1277 1111  1.056 1.187

Min 0589 0398 0576 0.800

le=8A Max  0.627 0455  0.708 1.352
Avg. 0617 0419  0.661 1.187

T
1.4 =E~Matrix Converter
-¥-AC-DC-AC
= 1.2
)
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+— 08
c
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(@)
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Fig. 11: Current THD versus average switching frequency in MC and AC-DC-AC.

Conclusion

This work has proposed an MPCC method for the MC with
an RL load. The suggested method has succeeded in
controlling the load current and power supply side
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reactive power, while other objectives were easily
considered in the predictive controller. Additionally, this
paper has evaluated the mitigation of the number of
switching commutations in the prediction strategy. In this
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regard, the prediction control with different weighting
factors has been applied to the matrix and the AC-DC-AC
converters. Finally, the results of the AC-DC-AC converter
and MC were compared. Simulation results have revealed
the excellent dynamic response and control of the
reactive power at the power supply side in the MC using
the MPC approach compared to the traditional AC-DC-AC
converter. The AC-DC-AC converter is unable to control
the reactive power at the power supply side, but the MC
can almost completely mitigate it. The MC can decrease
the switching frequency by 40% compared to the AC-DC-
AC converter in the same current THD value, and the
current THD by 58% compared to the AC-DC-AC converter
in the same average switching frequency. However,
mitigation of the reactive power and the switching
frequency has the opposite effect on the current tracking
quality in the MC.

The future work will concentrate on the MPC of motor
drives fed by MCs including different objectives in the
predictive control process.
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