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Abstract—The direct matrix converter has been proposed for
many potential applications. However, it remains unexplored
within the context of microgrids and distributed generation. This
paper investigates the application of the direct matrix converter
to these areas. Both the grid-connected and islanded operation
modes are explored. Model predictive control is employed to
achieve flexible active and reactive power regulation in the grid-
connected mode, and stable sinusoidal voltage control in the
islanded mode. It is also used to achieve grid voltage
synchronization prior to grid connection. Simulation and
experimental results verify the feasibility and effectiveness of the
direct matrix converter when used in grid-connected and
islanded microgrids. When used in the matrix converter-
connected microgrid, model predictive control is effective in
regulating the voltage and the power exchange with the grid.
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I. INTRODUCTION

AC-to-AC energy conversion systems are commonly used
in industry and they can be found in the areas such as
adjustable speed motor drives, power flow controllers and
power quality conditioners [1]-[3]. In this regard, the indirect
AC-t0-AC; i.e., AC-DC-AC energy conversion systems have
dominated most industrial applications. One of the
shortcomings associated with the indirect AC-to-AC converter
is the bulky DC-link capacitor. This capacitor leads to large
physical converter dimensions, heavy weight, high
maintenance, shortened lifetime and low reliability [4]. In
addition, DC-link voltage control is usually necessary. In
contrast, the direct matrix converter does not require any bulky
energy-storage elements and can provide possible solutions to
these problems [5][6].

A direct matrix converter is a direct AC-to-AC energy
conversion system that is characterized by the compact
volume, bidirectional power flow, controllable input power
factor, regenerative capability [6][7]. A direct matrix converter
is shown in Fig. 1. As seen, there is no bulky energy-storage
element required in this structure. Due to the absence of the
bulky DC-link capacitor, the lifetime, reliability and efficiency
of the system can be improved, the operating temperature can
be extended, and the maintenance can be reduced. Hence, the
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matrix converter is gaining interest from academics and
industry. It has been considered for several possible
application areas [8]-[11]. However, the application of the
direct matrix converter in renewable microgrids and
distributed generation has had little reporting in either the
grid-connected or islanded mode.
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Fig. 1. A three-phase direct matrix converter system with input filters.

In recent decades, distributed generation and microgrids
that include various renewable energy resources have become
popular topics in the power industry since they can alleviate
the environmental and energy issues. The development of the
distributed generation and microgrids has demonstrated
demand for AC/AC conversions [2]. A microgrid is often not
suitable for direct connection to the utility grid because of the
characteristics of the power produced by the renewable
generation in the system. This leads to the development of the
smart microgrid that is not directly synchronized to the grid
and has its own power storage. This may also be DC.
Therefore, a power electronic interface, e.g., DC/AC or
AC/AC converter, is usually required [13].

For AC/AC conversion in microgrids, almost all research
work and practical implementation use more the traditional
indirect conversion, i.e., AC-DC-AC energy conversion [12].
Usually, this is achieved by using a rectifier and a voltage
source inverter (VSI) [13][14]. The rectifier and VSI, or back-
to-back VSIs to allow bidirectional power flow, are connected
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Fig. 2. AC microgrid with renewable distributed generators and matrix converter.

via a DC-link capacitor. In these structures, the problems
associated with the bulky DC-link capacitor persist. In [2], the
indirect matrix converter was used with distributed
generations. The DC-link capacitor is not required because of
the indirect matrix converter. The reverse operation mode of
the indirect matrix converter is investigated to boost the output
voltage. However, the AC-to-AC conversion is performed
indirectly. In [5], a direct matrix converter was applied to
regulate the output voltage in an islanded microgrid. However,
the grid-connected mode was not investigated.

Motivated by these factors, a direct matrix converter is
used in this work to interface the renewable distributed
generation in a microgrid. A microgrid structure that involves
a three-phase direct matrix converter is shown in Fig. 2. Both
the grid-connected and islanded operation modes are
investigated in this paper. LC filters are employed to maintain
the sinusoidal output voltage and establish the system model
for the controller. The control strategy adopted in this paper is
model predictive control (MPC) which is a simple and
powerful controller for converters including matrix converters
[15]-[17]. In the literature, most matrix converter control
strategies regulate the sinusoidal output currents [18][19]. In
this work, a stable output sinusoidal voltage in the islanded
mode, and active and reactive power regulation in the grid-
connected mode, are the main control objectives.

This paper is organized as follows. Section II presents the
system modeling which is used to obtain the MPC prediction
models. Section III explains the islanded and grid-connected
operation. Simulation and experimental results are presented
in Section IV, followed by the conclusions in Section V.

II.  SYSTEM MODELING

A. Matrix Converter Model

As shown in Fig. 1, a three-phase direct matrix converter
consists of nine bidirectional switches which form a 3x3
switch matrix. The output voltages and input currents can be

controlled by controlling the switches. Their equations are
shown in
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where S and its transpose ST are switch matrices. The elements
Sxx in the switch matrix can have a value of one for the ‘ON’
state and zero for the ‘OFF’ state. Based on the measurements
of v4, B, c and ioa, ob, ocs Voa, ob, oc and iy, p, ¢ can be calculated
respectively, which will be utilized in the prediction models.

The constraint in (3) excludes the switch states that short-
circuit the inputs (usually voltage sources) or open-circuit the
outputs (usually inductive loads). This is because these switch
states can lead to detrimental overcurrents or overvoltages. As
a result, there are 27 allowable switch states in the matrix and
these states correspond to 27 control actions (finite control set)
in the MPC.

B. Output Filter Models

The MPC implementation is based on the system model.
According to Fig. 2, the output filters of the matrix converter
are modeled as
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The variables in (4) and (5) are shown in Fig. 2. The
capacitors can be connected in star (Cy 5 ¢) or delta (Cus sc,
c4). The feature of the star connection is that the required
capacitance is three times (C4 = 3Cy4p) while the voltage rating
is 1/7/3 times (Vs = V3V,) of that in the delta connection for
the equivalent ratings. Due to the symmetry of the three-phase
system, it is sufficient to consider a per-phase model:
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and this can be rewritten as a state space model:

;'{m I Y
: :F[OZI}—FG[ .oa}; (8)
V Vﬂ la

-1/L 1/L 0
oa ; G — oa (9)
0 -l/C,

where F and G are the state-space matrices. Using (8) and (9),
the zero-order-hold (ZOH) based discretized model can be
derived from
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Therefore, the future behavior of the output voltage v, can
be predicted from

v [k+1]= 4,1, [k]+ A, [K]+ By, [k]+ B,yi, [K] (12)

with a,b=

where i4[k], va[k], iu[k] are measured using sensors and v,.[k]
is calculated using (1). It is worth mentioning that the observer
can be adopted to estimate i,[k], which reduces the required
sensors. More details can be found in [5]. Due to symmetry,
the prediction models for other two phases can be derived
readily. These voltage prediction models are used to regulate
the output voltage in the islanded mode, and to achieve grid
synchronization prior to the grid connection.

C. Input Filter Models

For the control at matrix converter input side, the input
power factor is usually considered. In this regard, the models
for the input filters can be developed in a similar manner to the
output filter models. As a result, the prediction model of isy
can be obtained from

gy [k+1] =M, 'iSA[k] +M,, 'VA[k] +N, 'VSA[k]""le 'iA[k] (13)

M1, M2, Niy and N;» can be derived using the ZOH-based
discretization method in a similar manner to the output filter
models. Here is4[k], va[k] and vs4[k] can be obtained using
sensors and i4[k] can be calculated using (2). vs4[k] can also be
obtained by using an observer [5].

D. Input Power Equations

The input power factor can be controlled by controlling
the input reactive power. The predicted reactive power can be
calculated by the predicted current and voltage. For
convenience, the abc system is converted into off system using
the following transformation
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where u,, pand u,, », - stand for the variables in the af and abc
systems. Thus, the predicted reactive power QOs[k+1] is
calculated from
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Here the supply voltage is assumed to be constant during a
sampling period, i.e. vs4, sa sc[k+1] = vsa, s8, sc[k] thus vs.[k+1]
= vs.q[k] and vsg[k+1] = vsp[k], because the sampling period is
very short. A unity power factor is often desired, so the
reactive power is controlled to zero by setting its reference to
Zero.

E. Output Power Equations

In the grid-connected mode, the microgrid is connected to
a utility grid, and thus the main control objective is the
flexible active and reactive power regulation. For the power
equations, it is also sufficient to consider a per-phase model as
shown in Fig. 3. The power equations can be obtained as from,

P,=P+P, (14)

0,=0+0, (15)

P=0 (16)

0. =ch (17)
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where w is the output angular frequency and |vgsrus| is the
root-mean-square (RMS) value of the grid voltage vq.. Here
Vea = Vq because of grid connection.

Output p, O,
filter

Fig. 3. Per-phase output filter structure.

In order to regulate the power using the MPC, the active
and reactive power need to be predicted. To achieve this, the
corresponding voltage and current should be predicted.
However, the grid voltage is stable and barely changes within
a short sampling period. Therefore, only the current needs to
be predicted. In this regard, a prediction model of i,, can be
derived from (10), as shown by

ioa [k + 1] = Alliaa [k] + Alzvga [k] + Bllvaa [k] + Blzia [k] (1 8)

In addition, (6) can also be utilized to derive a discrete-
time model to predict the future behavior of i,,, as expressed
by

z;,,[k+1]=Z—“‘(vm[k]—vga[k]){l—LT—SRM}W[/«] (19)
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Comparing (18) and (19), the latter method is less
computationally intensive, and it does not require the
information of i,[k], so it is adopted in this paper. In order to

calculate the predicted power, the predicted current and the
grid voltage in the abc frame are transformed into of frame
using (14). Then the corresponding active and reactive power
can be computed using

P[k+1] :%(vg_a[k+l]ig_a[k+l]+vg_ﬂ[k+l]i0_ﬂ[k+l]) 1)
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where vy, p and io, p represent the real and imaginary
components of the corresponding variables Vg4, gb, g and ioq, ob,
oc. As mentioned earlier, it is assumed that Ve, gp, gc[kT1] = Vg,
ab, gLk, thus vea[k+1] = ve,[k] and vep[k+1] = vep[k] because
the grid voltage is stable, and the sampling time is very short.
The power predictions in (21) and (22) are used to regulate the
active and reactive power flow in the grid-connected mode.

III. MICROGRID OPERATION MODES

A. Islanded Operation

In MPC, a cost function is designed to optimize the
selection of switch states. Depending on the applications and
control objectives, a cost function can contain several control
variables. In the islanded mode, the microgrid is connected to
local loads, so the main control task is to maintain a stable
voltage supply to various local loads. In addition, the matrix
converter input power factor is an important factor to consider.
There are some other control objectives that can be included in
the cost function, e.g., common mode voltage and switching
frequency. Therefore, the cost function for the islanded mode
is,

2, =ﬂl{|v: —va[k+1]|+|vz—vb [k+1]|+|v:—vc [k+l]|}
+4,|05" = O [k +1][+ A vy, = vy [k+1]|+/”t4zgj|s,. -5, [k+1]

(23)

where the variables denoted by the superscript * are the
references and their counterparts are the predicted values;
wlkt1] = (valk+1] + wvplk+1] + v [k+1])/3 represents the
predicted common-mode voltage and its desired reference v'y
is normally zero; S; is the current switch state and S;[k+1] is
the potential switch state to be applied; and i, 2, 3, 4 are the
weighting factors which determine the priority for each term.
Terms with greater factors attract more control attention. The
main control objective here is to provide a stable output
voltage supply. When several control objectives are
considered at the same time, each control performance will be
compromised. Designing these factors is usually based on
empirical methods [35].

B. Grid Synchronization

For the grid synchronization, the main control goal is to
regulate the output voltage to track the grid voltage, i.e. [v
V' V'] = [Vea Vb Vee] should be assured. The cost function in
(23) can be used and some terms can be removed depending
on the control requirement. Once the grid synchronization is
achieved, the microgrid can be connected to the utility grid.



C. Grid-Connected Operation

Once the microgrid is connected to the utility grid, the
main control goal changes to active and reactive power
regulation. When there is excessive power generated in the
microgrid or the utility grid needs support, the microgrid
should be able to deliver the required energy to the utility grid
with an appropriate control strategy. On the other hand, when
the microgrid is insufficient to supply the local loads, it should
be able to take power from the utility grid and supply to the
local loads. That is, flexible power regulation and bidirectional
power flow are essential. With MPC, this requirement can be
fulfilled. The cost function for the grid-connected mode is

g, =|P" = Plk+1]|+|0" - 0[k+1] (24)

Here P and Q are controlled. The models and cost
function can be revised accordingly to regulate P, and Q,.

IV. SIMULATION AND EXPERIMENT RESULTS

In order to verify the proposed application of a matrix
converter in a microgrid, and the effectiveness of the proposed
controller, simulation and experimental work are carried out.
The system parameters are shown in Table I. The experimental
setup is shown in Fig. 4. In this paper, the experimental tests
are carried out for the islanded mode only. The experimental
work for the grid-connected mode will be implemented in
future work.

TABLE 1. SYSTEM AND CONTROLLER PARAMETERS

Ve[Vl  La[mH]  Cag[pF| R4[Q] Loa[mH] Cos [pF]
100 6.8 9.5 0.5 8 40
TABLE I. CONTINUED.
R [Q] fi[Hz] f,[Hz] Q°[VAr] Ts[ps]
0.5 50 50 0 80
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Fig. 4. Matrix converter prototype for the proposed scheme.

A. Islanded Operation

In the islanded operation, a stable voltage supply should be
maintained for local loads under various conditions. Fig. 5
shows the steady-state output voltage waveforms for an

inductive load (R, = 20 Q, L; = 14 mH) and the harmonic
spectrum when operated in the islanded mode. The references
are shown as black dashed lines. As can be seen, the output
voltage can be regulated to supply a stable sinusoidal voltage
to local loads. The total harmonic distortion (THD) is 2.97 %,
which satisfies the requirement in most standards. The
corresponding experimental work was carried out on the
platform shown in Fig. 4. The experimental results are shown
in Fig. 6. The output voltage is regulated to track the
references effectively. These results show the effectiveness of
the matrix converter when used in the islanded microgrid.
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Fig. 5. Simulation results: (a) regulated output line-to-line voltages, (b)
harmonic spectrum and THD for v,.
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Fig. 6. Experimental waveforms: (a) output line-to-line voltage and phase
currents, (b) source supply voltage and current.

An important feature of renewable distributed generation is
the intermittence which should be considered in the controller
design. In order to simulate the intermittence of a renewable
distributed generation, a disturbance signal of 10xsin(20z7¢) V
is added to the supply as shown in Fig. 7. From Fig. 7, it can
be observed that a stable output voltage can be maintained
with the proposed scheme even when there is a significant
disturbance in the supply.

Vsaspsc (V)

Time (s)

Fig. 7. Simulated intermittent source voltages and controlled output voltages.
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Fig. 8. Simulation waveforms of output and grid voltages during grid
synchronization.

As indicated in the cost function (23) for the islanded
mode, other variables such as input power factor, common
mode voltage and switching frequency can be controlled when
required. In addition, the proposed scheme can handle the
unbalanced and nonlinear loads. The details and corresponding
results can be found in [5].

B. Grid Synchronization

Before the microgrid is connected to the grid network, it is
important to achieve grid synchronization. To this end, the
grid voltages are measured and used as voltage references in
the controller. Fig. 8 shows the regulated output voltage and
grid voltage waveforms during grid synchronization. The grid
voltages [Veu Vb Vec] are shown by the dotted lines while the
corresponding output voltages [v, vy v.] are shown with the
solid lines. The grid voltages are used as the references in the
controller after 0.04 s to achieve grid synchronization for grid
connection. As seen in Fig. 8, grid synchronization takes place
with a fast-dynamic response. Once the voltage is
synchronized, the output voltages closely match the grid
voltages in terms of the frequency, phase and amplitude.
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Fig. 9. Simulation results of regulated active and reactive power.

C. Grid-Connected Operation

The microgrid can be connected to the utility grid once
grid synchronization is achieved. After grid connection, the
main control objectives should switch to flexible active and
reactive power regulation. Fig. 9 shows the regulated
waveforms for active and reactive power flowing into the grid
and local loads. The power references are represented by the
black dashed lines. As observed in this figure, the regulated
active and reactive power can track the prescribed references
effectively. The microgrid can not only supply the power to
local loads, but also provide power compensation for the
utility grid when needed. The power can flow bidirectionally,
as seen in Fig. 9.

V. CONCLUSIONS

The matrix converter has attracted interest and has been
studied for several applications. However, its application in a
microgrid with a distributed generation was underexplored and
this paper seeks to address this issue. The application of a
direct matrix converter in both grid-connected and islanded
microgrids is investigated. The operating modes, including
grid synchronization, are explained. In this work, MPC is
employed as a control tool to regulate the sinusoidal output
voltage in the islanded mode and power flow in the grid-
connected mode. In the islanded mode, a stable voltage supply
can be effectively maintained for various local loads. In the
grid-connected mode, bidirectional and flexible power
regulation is achieved. Before grid connection, it is important



to achieve grid synchronization. The simulation and
experimental results verify the effectiveness of the matrix
converter when applied in a renewable microgrid. It is
believed that the microgrid is a promising area for the matrix
converter.
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