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Abstract—To eliminate the common-mode voltage (CMYV) for
matrix converters, this paper proposes a current sensorless
model predictive control with reduced calculation overhead. In
contrast to other traditional CMV-reducing methods which use
all permissible switching configurations, this method synthesizes
the output voltage and the input current with only six rotating
vectors that lead to zero CMYV. The proposed technique does
not need to predict future load currents and source currents for
those six rotating vectors, which provides another advantage in
term of computation efficiency. Additionally, all current sensors
are removed by using a Luenberger state observer instead in the
control loop for cost reduction. The effectiveness of the proposed
method is evaluated through simulation in different operation
conditions.

Index Terms—Matrix converter, model predictive control, Lu-
enberger observer.

I. INTRODUCTION

Matrix converter (MC) consists of nine bidirectional switch
arrays without DC-link energy storage elements, which leads
to compact and robust design, sinusoidal input/output currents
with controllable input power factor [1]-[4]. Over the years,
the main challenges to achieve good performance in MCs have
been overcome, making MC topology an attractive alternative
to conventional Back-to-Back AC-DC-AC converters [5], [6].
The most fundamental technique for MCs is the modulation
strategy. After Alesina and Venturini mathematically proved
this topology by direct transfer function modulation [7], [8],
several new strategies such as scalar modulation, space vector
modulation (SVM), carrier-based modulation, direct torque
control and model predictive control (MPC) are reported and
reviewed in [9]. Nevertheless, MCs need further development
to address issues regarding power quality, operation under
abnormal conditions, common-mode voltage (CMV), to name
a few [10]. Among them, large magnitude and high-frequency
variations of CMVs contribute to early winding failures and
bearing degradation in machines [11]. As a result, mitigating
CMVs in MCs have garnered considerable attention in recent
years [12].
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CMV-reducing methods in conventional AC/DC/AC con-
verters may involve the use of isolation transformers, active
switching techniques, or zero sequence impedance. However,
none of them can provide promising solutions in terms of Total
Harmonic Distortion (THD) performance, overall size and cost
of the system [13]. Hardware-based solutions to achieve zero
CMYV are normally costly and with low power density [14]. On
the other hand, software-based methods to reduce the CMV
typically base on the selection and arrangement of switching
patterns in the modulation process. Selecting zero vectors [15]
or two active vectors that produce reverse effects [16] have
been appropriately demonstrated to mitigate CMVs. Another
interesting method is presented in [17] which can achieved
reduced CMV by using the switch states that connect each
input phase to a different output phase, or the switch state
that connects all the output phases to the input phase with
minimum absolute voltage. Though reduced significantly by
the aforementioned software methods, CMV cannot be elimi-
nated yet. An enhanced SVM method to drive MCs for zero
CMYV is presented in [18]. However, due to the computation
complexity, it is difficult to implement this strategy.

Model Predictive Control (MPC) technique is an emerging
most popular control that can adapt to system nonlinearities
and multi-objective optimization. Finite Control Set MPC
(FCS-MPC) is a type of MPC methods taking into account the
discrete nature of power converters and solving the optimiza-
tion problem among a finite number of switching states [19].
It has been widely applied due to its clear concept and easy
implementation. FCS-MPC can not only provide fast dynamic
response [20], [21], but also reduce CMV without a modulator,
discriminating itself from the SVM-based methods. Except the
performance evaluation of load currents and source currents,
several FCS-MPC methods added weighted information into
the cost functions to constrain CMVs [22], [23].

However, the major problem with FCS-MPC for MCs is on
the computation overhead since 27-time predictions of load
currents and 27-time predictions of input reactive power or
source currents are required. Furthermore, the cost function
has to be calculated 27 times to find the optimal switching
state. The implementation of FCS-MPC for MCs calls for pow-
erful hardware, which limits their industrial applications [24].
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Fig. 1. Topology of a Matrix Converter.

To tackle this problem, Wang et al. presented a simplified FCS-
MPC to synthesize the output voltage and input current using
only the six rotation vectors rather than using all 27 admissible
switching configurations [25]. Zero CMV can be achieved.
However, the computation overhead is still too high for a
general processor, especially a dedicated four-step current-
based commutation is necessitated.

Another major concern when the MC topology comes to
applications is associated with manufacturing costs. Current
sensors directly contribute to that. As a result, the development
of sensorless control methods has gained growing attention
recently. To avoid using costly current sensors, the sliding
mode observer, the Luenberger observer, and the Kalman
filter are used instead for state estimation [26], [27]. Kalman
filters require a number of numerical computations, including
recursive optimization and matrix inversion. The sliding mode
observer uses less time because it only requires a sign cal-
culation and a gain multiplication. Luenberger observer only
requires a gain multiplication, requiring less computation than
the other two observers [28].

This paper presents a further simplification of FCS-MPC to
obtain zero CMV for MCs based on [25]. Instead of predicting
load currents and source currents for all six rotating vectors,
the proposed strategy requires only two prediction calculations
for the reference load voltage and the reference input current
of MCs. Furthermore, the proposed method differs from the
previous MPC by diminishing the current sensor requirements
for MCs with a Luenberger observer. The observer is designed
to precisely estimate the load current and the source current
under a wide range of operating conditions. As a result, the
proposed FCS-MPC can substantially reduce the calculation
effort, at the same time eliminate the CMV and ensure good
input and output current quality.

II. TypicAL SIMPLIFIED FCS-MPC FOR CMV
ELIMINATION IN MCSs

The three-phase to three phase MC under exploration is
given in Fig. 1. A three phase voltage source feeds the MC

TABLE T
THE SWITCHING CONFIGURATIONS USED IN THE PROPOSED FCS-MPC
TO ELIMINATE CMV IN MCS.

Switching Output Input
Configuration | Voltage | Current
State | A | B C Vo i
+10 a b c Vi iy
-10 a c b Vi i
+11 c a b Vi iy
-11 b a c Vi i,
+12 a c b Vi iy
-12 c a b Vi ip

through an input filter which is used to reduce the switching
frequency harmonics in the input current. For simplicity, the
MC drives a three phase resistive-inductive load.

Two switching restrictions have to be taken into account
since any two input phases of the MC should not be short-
circuited due to the voltage source while any output phase of
the MC should not be opened-circuited due to the inductive
load. Accordingly, 27 switching states are permissible for the
MC. They can be categorized into three groups, namely active
vectors with variable magnitude but constant direction (=1 to
19), zero vectors with zero magnitude (Oa — Oc), and rotating
vectors with constant magnitude but variable direction (£10
to +12). The six rotating vectors, as listed in Table I, produce
zero CMV inherently, while active vectors and zero vectors
contribute toward CMV. The instantaneous value of the CMV
can be found as,

Vem = VoA + VoB + VoC (1

3

where voa, Vop ,and v,4 are output phase voltages with respect
to neutral point of the source. Using the six rotating vectors
is commonly utilized in both SVM- and MPC-based methods,
and adopted in this work. In the conventional FCS-MPC to
obtain zero CMV in a MC, load current and source current are
predicted for six rotating vectors, compared with the reference
values to determine the best switching state by minimizing the
predefined cost function [25]. To predict load current behavior
corresponding to the selected voltage vector among six rotating
switching configurations, a discrete-time model of the load is
required. The load current equation in a stationary reference
frame can be expressed as,

L % =v,—Ri, 2)
where R and L are the load resistance and load inductance,
respectively. v, is the MC output phase voltage and i, is the
load current. Using forward-Euler approximation, (2) can be
rewritten as,

RT; T

T)lo(k) + zvn\xw(k) (3)

where i,(k) and i,(k+1) are the load currents at instants
k and k+ 1, respectively. For sw € {£10,£11,4+12}, the
load currents in the next time interval are predicted by the
corresponding output voltages in (3). The used rotating voltage

in\sw(k"i_]) =(1-



vector can be computed by the voltage relationship from the
input to the output of MCs,

Voa San Spa Sea Via
Vo= | Voo | =| SaB Se S || viv | =S-vi (4)
Voc Sac Spc Scc Vie

Similarly, the source currents can be predicted using the
discrete-time state-space model of the RLC input filter, given

as follows,
vilk+1) | _ vi(k) vs(k)
(k1 —Ad[ W) | PP [ @
where
1y
Ag= By = / AL Bar (©6)
0
0o £ 0o -1
C.
A= 1 ﬁf 7B: 1 ch ) (7)
Ly Iy Ly

Cy and Ly are the input filter capacitance and inductance,
respectively. Ry is the leakage resistance of Ly. Solving the
second line of (5) obtains

ix\sw(k+ 1) =Ay (27 1)Vi(k) +Ad(za 2)1\(k)

B2 (R + B2 i)

The source current at instant k+ 1 is a function of the MC
input current vector #; that can be determined from the current
relationship of the MC with the help of the rotating switching
configurations and the output currents as below,

iia SaA SaB SaC ia -
ii= | ip | = | Sea SeB Sbc ip | =8 i 9)
iic SCA SCB SCC ic

It is assumed that one rotating switching state is applied for
one control cycle starting from instant k. The load current and
source current at instant k+ 1 are predicted by (3) and (8) and
then compared with their respective references to select the
optimal switching state. To do this, a classical cost function
is formulated as follows:

CFy = il —ip(k+ 1)| + ko |it —is(k+1)] (10)
where i and i, are the source current reference value and the
load current reference value, respectively. kg is a weighting
factor that can be set to achieve good tracking performance.
The simplified FCS-MPC is realized by evaluating (10) with 6
rotating switching states of the MC and then selecting the state
with minimum cost function. As a result, the simplified FCS-
MPC for the MC requires 6 times of load current predictions,
6 times of source current predictions, and 6 times of cost
function evaluation. Even though the computation overhead is
reduced significantly by using less switching configurations,
it is still too high for a general digital processor.

III. PROPOSED FCS-MPC WITH ZERO CMYV FOR MCs
A. Prediction simplification

The proposed method intends to simplify the FCS-MPC
for further calculation reduction. Instead of requiring 6 times
of load current predictions and 6 times of source current
predictions to evaluate the cost functions for instant k+ 1, it
uses the desired output voltage vector v} and the input current
vector i; for prediction, deriving from (3), (8) and expressing
as follows:
vo(k) =

[

[i5(k+ 1) —i, (k)] + Ri,(k) (11)

S =

i (k) = iy (k+1)—Au(2,1)vi(k) —A4(2,2)i5(k) — Bg(2,1)vs(k)
[ B Bd(2,2)

12)

In accordance with (11), if the voltage vector exerted by the
converter onto the load at instant k equals v} (k), then the load
current at instant k+ 1 will track its reference current. This
work uses only 6 voltage vectors to obtain Zero CMYV, which
may not match the target voltage vector exactly. Nonetheless,
the most appropriate method for reducing the error between the
load current and its reference at the end of the next sampling
time is to apply the voltage vector that is closest to the desired
voltage vector. Similarly, the source current can be controlled
using (12). The source current at instant k4 1 will be the same
as the reference source current if the input current vector of
the MC at instant k is the same as i} (k). To calculate (11), i,
vs and v; need to be measured by sensors.

Prior to calculating Eq. (12), it is imperative to generate
a source current reference. If the converter power losses are
neglected, the active input power and output power of MCs
are assumed to be equal, P, = P,,. Thus, by considering
sinusoidal nature of reference signal and ensuring unity input
power factor, the source current reference of any phase can be

calculated from output power, given with phase “a” as below,

o DX DX Dok v
Iy = <R X (1(2)[1 + l%b +l(%c )) X <m) (]3)
sa sb Ne

The load parameters, reference output currents, and the MC
source voltages are required as inputs for this method of
determining the MC reference source current.

A cost function is now required to determine the optimal
switching state including a combination of the input currents
tracking error and the output voltages tracking error simulta-
neously, which can be revised as follows,

CFyy = |v;(k) - Vn\xw| +ko ‘l: (k) - ii\xw| (14)
The one among the 6 rotating switching states that minimizes
the cost function (14) is then applied to the MC. Therefore,
there is no need to calculate six load current predictions and
six source current predictions because one prediction is needed
to calculate the output voltage vector, and another prediction
is required to calculate the input current vector.
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Fig. 2. Steady state performance of the typical sensor-based and the proposed sensorless-based MPCs when (i = 8A at 60 Hz) and (ij, = 8A at 30 Hz).

TABLE II
SYSTEM PARAMETERS

Parameter Explanation Value
Ly(mH) Input filter inductance 0.6
Cr(uF) Input filter capacitance 66
R/ (Q) Damping resistor 9
L(mH) Load Inductance 6.6

R(Q) Load resistance 4

Ty(us) Sample time 35

vs(v) Supply voltage (RMS)  64.2V, 50Hz
ko Weighting factor 50

B. Source Current and load current Estimations

Control algorithms require the voltage and current informa-
tion from the source and load sides of MCs. To avoid high
cost measurement, this work applies a Luenberger observer
to estimate the source currents and load currents. These
currents are then used in (11) and (12) to calculate the input
current reference and output voltage reference, respectively.
Implementation of the observer entails the mathematical model
of the input filter and RL load of the MC, given as follows,

i = L (0y(0) — (k) — Ry (1)
(iz_vl' = le(ls(k) —i;(k)) (15)
(7“ = %(\,,(k) Rio(k))

Here, v, (k) and i;(k) have been determined by the MC system
model v, (k) =S x v;(k) and i;(k) = ST x i,(k), referring to (4)
and (9) respectively. The source currents and load currents are
estimated by introducing the following equation,

R z; (vs(K) = vi(k) = Ryis (k)
| = TG (k) — i
1 e B )
° Z(‘n(k)*er)(k)) (16)
L
+| Ly | (vi—=")

L3

where 7y, v; and £, represent the estimated source current, input
voltage and load current for the MC, respectively. And L; . Lo
and L3z are constant coefficients for the Luenberger estimator.
A linearized version of this system around an operating point
can be constructed by placing the poles on the left of the
imaginary axis, which determines the overall range of the
parameters. Adjusting L; = 0.0005, L, =1 and L3 = 0.0005
will result in high accuracy in the simulation.

IV. SIMULATION RESULTS

The feasibility and effectiveness of the proposed method has
been tested through simulation using MATLAB/Simulink. For
fair comparison, the similar specifications as in [25] are used.
The steady state performance of source currents, load voltages,
and load currents are depicted in Fig. 2 when the proposed
sensorless FCS-MPC method and the typical sensor-based
FCS-MPC method as presented in [25] are applied for a load
current reference of 84 at 60Hz and 84 at 30Hz. It is apparent
that the proposed methods provide satisfactory performance
including sinusoidal load and source current and a nearly unity
input power factor. To prove this, the harmonic spectrum of
source currents and load currents are represented in Fig. 3.
The obtained THD values of the proposed FCS-MPC can be
compared to those of the typical simplified FCS-MPC. The
THD of iy, and i,, obtained by Wang et al. [25] are 12.81%
and 5.12% for the case of 8A at 30Hz, and 12.41% and 3.67%
for the case of 8A at 60Hz, respectively, while the proposed
method has better THD performance, specially for the case
of source currents which show a tangible reduction. CMV
waveforms under the condition of applying a load cuirent
reference 8A at 60Hz are shown in Fig. 4 for both the typical
sensor-based (Fig. 4(a)) and the proposed sensorless-based
(Fig. 4(b)) methods.

Further, the dynamics transition of the MC system is tested.
Fig. 5 shows the system response when both amplitude and
frequency are changed simultaneously. As shown in Fig. 5(a)
and (b), the frequency of the load current is varied from 25Hz
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Fig. 3. Harmonic spectrum of source current iz and load current i,, when
the typical sensor-based and the proposed sensorless-based MPCs are used.

to 50Hz, and the amplitude from 6A to 8A. Controlled by the
typical sensor-based MPC and the proposed sensorless-based
MPC, satisfying results are observed. Fig. 5 also represents
the effect of varying load current reference on the source
side of the system while maintaining near-unity input power
factor. The proposed method in this paper shows considerable
improvement over the techniques proposed in [25] and [29]
in terms of the waveform quality or the THD. It is worth

(€Y
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Fig. 4. CMV elimination by using (a) the typical sensor-based MPC, (b) the
proposed sensorless-based MPC.

noting that the proposed FCS-MPC scheme does not require
switching tables or look-up tables, as compared to previously
documented methods.

V. CONCLUSIONS

This paper proposes a current sensorless model predictive
control method that yields zero CMV by using six rotating
vectors as the candidate switching states. Reducing calculation
effort is another goal of this method which is successfully ob-
tained by only two predictions of the output voltage reference
and input current reference of MC. Additionally, all current
sensors have been successfully replaced by a Luenberger
state observer to reduce costs without degrading the overall
performance of the MC system. Simulation results show that
the proposed algorithms by taking full advantage of the MC
model (V/I relationships) in the MPC is capable of working
effectively with a variety of supply voltage frequencies and
output frequencies, improves load/source current quality, and
maintains the input power factor at unity.
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