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Abstract—Controlling both input and output sides of the
direct matrix converter using predictive control implies high
computational cost due to the fact that it has twenty-seven
available switching states and the needed of weighting factors. In
this paper, an indirect model predictive current control strategy
is proposed in order to simplify the computational cost while
avoiding the use of weighting factors. The method is based on
the fictitious dc-link concept, which has been used in the past
for the classical modulation and control techniques of the direct
matrix converter. Simulated results confirm the feasibility of the
proposal proving that it is an feasible alternative to classical
predictive control strategies in this converter.

Index Terms—current control, matrix converters, predictive
control, finite control set model predictive control, fictitious dc-
link.

NOMENCLATURE
ig Source current [isa isB isc|t
vs  Source voltage [Vsa vsB Vo]t
iy  Input current liaip ic]T
vi  Input voltage [va vB vo]T
iqe  Fictitious dc-link current
vqe Fictitious de-link voltage

Load current [iq iy ic]”
Load voltage [va vy ve]T
Load current reference iz iy i)

i
v

l*

Cy  Input filter capacitor
Ly Input filter inductor
Ry Input filter resistor
R Load resistance

L Load inductance

I. INTRODUCTION

Owing to some advantages in terms of power densities and
capability to operate in harsh pressures and temperatures [1],
[2], in addition with some features as sinusoidal input and out-
put currents as well as bidirectional power flow and adjustable
input power factor [2], [3], the direct matrix converter (DMC)
has been an important subject of research in the last decades.

Several modulation and control techniques have been ap-
plied to this converter being the most popular Venturini, Pulse
Width Modulation (PWM), Space Vector Modulation (SVM)
as well as Direct Torque Control (DTC) and Model Predictive
Control (MPC) [3].
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Thanks to the increments on calculation capability of
nowadays digital signal processors, MPC has emerged as a
real alternative for the control of power converters [4]. This
technique determines the future behavior of a system based
on its mathematical model and, using this predictions, selects
the switching pattern to be applied in the next sampling
time in order to achieve desired output signals. Some last
contributions have been focused on PWM rectifiers [5], shunt
active power filters [6], permanent magnet machines [7],
matrix converters [8]-[12], among others.

The MPC strategy for DMC was fully implmented in a
FPGA in [13], allowing control calculations fully paralleled,
reducing complexity of hardware implementation. Besides,
an hybrid combination between MPC and SVM is presented
in [14] allowing the operation at fixed switching frequency but
also the use of all the available switching states of the DMC
(27), which is not possible in the traditional SVM technique
where only the fixed vectors are considered. Despite the
several progress of MPC for power converters, there are still
some issues that are considered as an open topic for research.
One of these issues is the correct selection of weighting
factors when there are several control objectives, as instance
current control and reactive power minimization in a power
system. This issue is very relevant because it has a significant
effect on the system performance. In most of the cases, this
selection is done by using empirical process but there are some
papers that offer some guidelines for the optimal weighting
factor selection [15]-[19] but, most of them are complex
solutions and require high computation cost. In order to solve
the issues such as computational cost and weighting factor
selections for the MPC in the DMC, in this paper an indirect
model predictive current control strategy with reactive power
minimization is proposed. The idea consists in to emulate the
DMC as a two stage converter linked by a fictitious dec-link
allowing a separated and parallel control of both input and
output stages, avoiding the use of weighting factors.

II. MATHEMATICAL MODEL OF THE DMC

The mathematical model of the converter consist of the
topology depicted in Fig. 1. This ac/ac power converter is
formed by bidirectional switches which directly connect the
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Fig. 1. Power circuit of the direct matrix converter.

input side with the load side without including any dc-link
storage device. This converter has some operation constrains:
due to the inductive nature of the load, the current cannot
be interrupted abruptly, and the operation of the switches
cannot short-circuit two input lines. These restrictions can be
expressed by:

)]

The relations between the input and output variables of the
DMC are defined by:

Say + Sy + Scy =1, Vy=a, b, c

vo = T vj (2
i; = TTi, (3)
where T is the instantaneous transfer matrix defined as:
SAa SBa SCa
T=| Sa Ssy Scw 4
SA(: SB(: SCC

An LC input filter has been included between the source
and the bidirectional switches. This filter has mainly two
purposes, in the one hand to prevent over-voltage due to fast
commutation of currents i;, which produces short-circuiting
the impedance of the power supply, and, in the other hand to
eliminate high-frequency harmonics in the input currents is.

Generally, all the control and modulation techniques are
based on the equations (2) and (3). Basically, the most con-
trol techniques consist of determine the appropriate switches
configuration to achieve the desired output voltage.

There are some techniques that uses the concept of fictitious
dc-link in order to simplify the modulation and control of the
DMC. This idea was proposed by Rodriguez in the 80’s to
modulate the DMC in a simple way [1], [20]. In fact, the
concept of indirect matrix converter comes from this idea. The
method consist in to divide the converter in a current source
rectifier and a voltage source inverter linked by a fictitious
dc-link such as represented in Fig. 2.

In this approach, there are six active current space vectors
associated to the rectifier as is depicted in Fig. 3 (left) and in
Table I. Moreover, the inverter have associated eight voltage
space vectors which are represented in Fig. 3 (right) and
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Fig. 2. Representation of the fictitious dc-link concept for the DMC.
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Fig. 3. Current and voltage space vector of the fictitious converter. Left:
current space vectors for the fictitious rectifier, Right: voltage space vectors
for the fictitious inverter.

TABLE I
VALID SWITCHING STATE ON THE FICTITIOUS RECTIFIER

#| Sr1 Sro Srg Sra Srs Sre| ia _iB _ic | vde
1 1 1 0 0 0 O ide 0 -lge| vac
2 0 1 1 0 0 0 0 idc ’idc UVBC
3 0 0 1 1 0 0 'idc idc 0 -UAB
4 0O 0 o0 1 1 0 “tge 0 i4e | -vac
5 0O 0 0 O 1 1 0 -i4e tde | -VBC
6 1 0 0 0 0 1 idc 'idc 0 VAB
TABLE II
VALID SWITCHING STATE ON THE FICTITIOUS INVERTER
#| Si1 Siz Siz Sia Sis Sic| Vuv Vow Vwu|  ide
T[] 1 1 0 0 0 1] vae 0 vac| iow
2 1 1 1 0 0 O 0 Vde Vde| toutiow
3 o 1 1 1 0 O “Vde Ve O Tov
4 o o0 1 1 1 0 “Vge 0 vge Tovtiow
5 o o0 o 1 1 1 0 -V4e Vde TLow
6 1 0 0 0 1 1 Vde “Vde O Louttow
7 1 0 1 0 1 O 0 0 0
8 o 1 0 1 0 1 0 0 0 0

Table II. It is posible to control both converters separately,
but considering the relationship between both stages. This sit-
uation allows that one stage of the converter can be controlled
by one modulation or control technique and the other stage by
another which could be different.

III. PROPOSED INDIRECT MODEL PREDICTIVE CONTROL
METHOD FOR THE DMC

The general idea of the model predictive control for the
DMC is represented in Fig. 4, where both input and output
stages are controlled together by considering a predictive
model of the instantaneous reactive input power and a pre-
dictive model of the load currents. These predictions are
compared with their respective references in a single cost
function (so it is necessary also to consider a weighting factor
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Fig. 4. Classic predictive current control strategy for the DMC.

in order to provide more priority to one of the controlled
variables). The cost function is evaluated for each of the
twenty-seven available switching states of the DMC and, the
switching state that minimizes this cost function, is the one
selected to be applied to the converter in the next sampling
instant. In this method two main issues are observed: first, it is
necessary the correct selection of a suitable weighting factor
value in order to prioritise for the control of the load current or
the instantaneous reactive input power and second, as the full
converter control is considered, a large amount of available
switching states is considered, requiring a fast microcontroller
for such amount of calculations.

In order to solve these issues, in this paper the concept
of fictitious dc-link is used to propose an indirect model
predictive control for the DMC. The idea of this proposal is to
separate the control of both input and output fictitious stages
of the converter avoiding complex and large calculations and
as well simplify the controller applying cost functions without
weighting factors.

A. Control of the Rectifier

The rectifier stage has the input phase voltages v; and
fictitious dc-link current 4. as inputs and the fictitious dc-
link voltage v4. and input currents i; as outputs, this can be
expressed as follows:

Vde = [ STl —_ ST4 Srg - Srﬁ ST5 - S’r‘2 ] Vi (5)
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Fig. 5. Indirect predictive control strategy for the fictitious rectifier.

Srl - Sr4
ij=| Sr3— 56 | lde (6)
Sr5 - Sr2

Equations (5) and (6) shows the relationship between the
input and output signals in the rectifier side. As indicated in
Fig. 3 (left) and Table I, there are six active current space
vectors which correspond to the suitable switching states of the
rectifier. The proposed technique detailed in Fig. 5, consists in
to control the input side of the converter by considering these
available switching states and considering the mathematical
relationship between input and output voltages and currents.

In a similar way as the classical predictive strategy in the
DMC, for the control of the input side it is necessary the
prediction model of the source current which is given as
follows:

dig 1 Ry,

5, — 7 \Vs 7 Vi) — —1g 7
dv; 1. .
a ?f(ls - 11) (8)

Since the predictive controller is formulated in discrete time,
it is necessary to derive a discrete time model for the load-
converter system. Based on the guidelines presented in [21]
for the current and voltage predictions, it is possible to define
the cost function g, that minimizes the reactive power in the
input in the a-f plane as follows:

gr = [Vsa(k+ 1)i36(k +1) - USﬂ(k + isalk + 1)}2
)

B. Control of the Inverter

Regarding the inverter side, the control diagram is repre-
sented in Fig. 6. In this case the inputs are the output currents
i and fictitious dc-link voltage v4.. Meanwhile, the fictitious
dc-link current 74, and the output voltage v are outputs. This
can be seen in equations (10) and (11), respectively:

ige=| Si1 Siz Sis |i (10)



Cost Function
Minimization

iS(k+1)

Predictive
Model

Load

L

Fig. 6. Indirect predictive control strategy for the fictitious inverter.

Si1— S;
vV = SZ - Sz Vde (1 1)
Sis — Sia

Assuming a passive RL, the mathematical model is defined
as:
di
v=L% +Ri

dt (12)

With these definitions, it is possible to obtain the prediction
model of the output side using a forward Euler approximation
in eq. (12), such as:

i(k+1) =c1v(k) + ci(k) (13)
where, ¢; = Ts/L and ¢o = 1 — RT,/L, are constants
dependent on load parameters and the sampling time 7.

Lastly, the associated cost function g; for current control in
the output stage in «-3 plane is defined as:

(if —ia(k+1))* + (i —ig(k + 1))

5 - (14

C. Relationship between the fictitious converter and the DMC

Finally, it is required to adapt the switching states of both
input and output fictitious stages to the real one in order to
apply the switching signals to the switches of the DMC. This
is given by the relationship between input and output stages.
As indicated in eq. (2), the relationship between the input
voltage v; and load voltage v depend on the state of the
switching given by matrix T'. Based on the fictitious definition,
the load voltage v is given as indicated in eq. (11). At the same
time, the fictitious dc-link voltage vq. is given by eq. (5). In
summary,

Sit — S;
v=| Siz—35;

[ Srl - Sr4 STS - STG S’rS - Sr2 ] Vi
Sis — Si

15)

and thus the relationship between the switches of the DMC
and fictitious converter is given as:

Sha (Si1 — Sia)(Sr1 — Sra)
SBa (Sd - Si4)(Sr3 ST‘G)
SCa (Szl - Si4)(s'r‘5 S’I“2)
Sap (Sis — Si6)(Sr1 — Sra)
Sey | = | (Siz — Si6)(Sr3 — Sre) (16)
Scw (Siz — Si6)(Srs — Sr2)
SA(: (S15 - SiQ)(Srl - Sr4)
SBC (Sz5 Si2)(Sr3 Srﬁ)
L SCC i L (S’L - Si2)(sr5 - STQ) |
IV. RESULTS

In order to validate the effectiveness of the proposed
method, simulation results in Matlab-Simulink were carried
out in both steady and transient conditions. The simulation
parameters are shown in Table III.

TABLE IIT
PARAMETERS OF THE IMPLEMENTATION

Variables | Description | Value |
Vs Amplitude ac-voltage 311[V]
Cy Input filter capacitor 21[pF]
Ly Input filter inductor 400[H]
Ry Input filter resistor 0.5[92]
R Load resistance 10[€2]
L Load inductor 10[mH]
Ty Sampling time 10 [pes]

Simulation step 1 [ps]

A. Results in Steady State

Fig. 7 and Fig. 8 show simulations results in steady state
for the proposed indirect predictive controller. In Fig. 7(a) is
observed a source current 754 in phase with to its respective
source voltage vs4 with an almost sinusoidal waveform and
a THD of 3.78%. The effect and performance of the input
filter is also reflected in this figure where the high order
harmonics present in Fig. 7(b) are eliminated as expected. In
Fig. 7(b) it can be observed the commutated input current i 4,
which is given as function of the DMC switches and the load
currents i,. A very good tracking of the load currents i, to
its respective references i} is observed in Fig. 8(a) with a
sinusoidal waveform and a THD of 0.41%. In this case the
reference is established as I7=12.5 [A]. In Fig. 8(b) is also
observed the load voltage which is given as a function of the
DMC switches and the input voltages v;.

B. Results in Transient Condition

A step change in the load current is applied to the converter
in order to evaluate the performance of the proposed strategy
in terms of dynamic response. This analysis is done as depicted
in Fig. 9 and Fig. 10. In Fig. 9 are shown the input variables
where is observed a small resonance of the input filter due
to the load variation, Fig. 9(a). It is important to highlight
that this predictive control strategy shows a variable switching
frequency. Despite of this resonance, it is also evident the good
performance of the input filter which mitigates almost all the
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Fig. 7. Simulation results of the proposed method in steady state: (a) source
voltage vs4 [V/25] and source current 754 [A]; (b) capacitor voltage v 4
[V/10] and input current i 4 [A].
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Fig. 8. Simulation results of the proposed method in steady state: (a) load
currents io [A]; (b) load voltage vq [V].

high harmonic frequencies observed in Fig. 9(b) which are
produced by the commutation of the switches. In Fig. 10(a) is
observed a good dynamic response of the load current i, to its
respective reference i}, with a very fast dynamic response and
a very good tracking of the load current. The step change is
from I;=10[A]@150Hz to I;=12.5[A]@50Hz. In both cases
it is observed a very good tracking of the load current to its
respective reference.

V. CONCLUSION

In this paper has been presented an indirect model predictive
current control strategy with minimization of the instantaneous
reactive input power for a direct matrix converter. The method
uses the idea of fictitious dc-link in order to separate the
control of both input and output stages of the converter. By
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Fig. 9. Simulation results of the proposed method in transient state: (a) source
voltage vsa [V/25] and source current 754 [A]; (b) capacitor voltage v 4
[V/10] and input current i 4 [A].
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Fig. 10. Simulation results of the proposed method in transient state: a) load
currents io [A]; b) load voltage vg [V].

doing this, it is possible to reduce the complexity of the control
but also avoid the calculation of a suitable weighting factor for
the control of both instantaneous reactive input power and load
currents variables.

By considering the proposed strategy, a new alternative has
emerged for the control of both the input and load currents in
a direct matrix converter.
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