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ABSTRACT Due to no dc-link energy storage element in the matrix converter (MC), its input and output
performances are highly sensitive to the unbalanced grid conditions. In order to mitigate the adverse effects
of the unbalanced grid voltages, this paper proposes a simple and effective control strategy based on the
finite-control set model predictive control (FCS-MPC). In this case, an extended instantaneous power theory
is adapted to generate the source current references. As a result, both sinusoidal source currents and balanced
output currents are ensured. Besides, complicated positive and negative sequence decomposition is avoided.
Furthermore, an extended state observer (ESO) is designed to eliminate the grid voltages sensors, which
not only estimates the grid voltages but also provides the delayed grid voltage information required for the
source current reference calculation. The effectiveness of the proposed method is verified by the simulation
and experimental results.

INDEX TERMS Matrix converter, unbalanced gird voltages, extended state observer, finite-control set model

predictive control.

I. INTRODUCTION
Matrix converter (MC) is a direct AC/AC converter, and it
is featured by sinusoidal input and output currents, bidirec-
tional energy flow, controllable input power factor and no
dc-link component [1]-[3]. Due to the elimination of bulky
and limited lifetime electrolytic capacitors, the reliability and
power density of MC are higher than those of the conventional
back-to-back converters [4]. Meanwhile, because of these
characteristics, the voltage/current on input and output sides
of MC are directly coupled. Then, all the inner variables, such
as input and output currents, are easily influenced by extra
disturbances.

The utility grid voltages would become unbalanced
when considerable numbers of asymmetric loads are
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connected or short circuit faults occur. To suppress the
adverse effects of unbalanced source voltages on the input
and output performances of MC, many modulation strategies
have been presented [5]-[19].

In [5]-[9], several space vector modulation (SVM) meth-
ods are introduced for MC/indirect MC (IMC) to improve the
source current quality and balance the output currents. In [5],
two SVM methods are presented. One is aligning the input
current vector with the input voltage vector. Desired balanced
output currents are obtained, but the source current contains a
series of positive sequence harmonic components. The other
can reduce or eliminate the harmonics of source currents by
utilizing the information of positive and negative sequence
components of source voltages. The modified SVM method
in [7] can achieve balanced output currents, but the third-
order harmonic component in source currents is relatively
large. In [8], an online SVM method is introduced to optimize
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the duty cycles of the best switching states. To avoid the
complex sequence component separation, a simple method
for calculating the source current reference is proposed in [9].
Similar to the latter method in [5], a carrier-based modulation
(CBM) strategy for IMC is presented in [10]. Additionally,
based on the framework of SVM, some closed-loop control
strategies are put forward [11]-[13]. To achieve balanced
output currents and a near unity power factor (UPF) opera-
tion, an advanced closed-loop control for source currents is
proposed for IMC [11]. In [12], two resonant controllers are
adopted to regulate input currents and active power. Thus,
the quality of input currents is improved without degrading
the quality of output currents. In [13], a novel instantaneous
effective power control method (IEPC) for MC under unbal-
anced grids is discussed.

Three enhanced double input line voltage synthesis
(DLVS) methods are investigated in [14]-[15], they are aim-
ing to achieve sinusoidal source currents. In [16], three math-
ematical construction methods are presented according to
different ways of selecting the input current vector. These
methods can achieve similar output current quality, but dif-
ferent input current quality. Three model predictive control
(MPC) methods are proposed in [17], namely, active power
oscillation compensation (APOC) strategy, the instantaneous
unity power factor (IUPF) strategy and positive sequence
(PS) strategy. Among these methods, the APOC strategy
can achieve the best output and source current performance,
but the calculation of source currents reference is complex.
Literature [18] proposed an MPC method with reactive power
minimization for IMC and literature [19] introduced a pre-
dictive current control method for MC. The quality of output
currents is degraded with above two methods, as the ac-
term in instantaneous active power cannot be completely
eliminated.

Compared with SVM method, DLVS method,
CBM method, and the mathematical construction method,
the MPC method [20]-[24] appears as a promising alternative
due to its simplicity and flexibility [3]. To reduce the com-
plexity and improve the input/output performance of afore-
mentioned methods, a cost-effective and low-complexity
control method based on finite-control set MPC (FCS-MPC)
is proposed for MC under unbalanced grid voltages in this
study. The main ideas include 1) an extended instantaneous
power theory for generating source current references is
adopted to reduce the complexity of algorithm. 2) a non-static
error extended state observer (ESO) based on internal model
principle is proposed to reduce costs. With the new source
current references, both the sinusoidal source currents and the
balanced output currents are obtained. Besides, complicated
positive and negative sequence decomposition is avoided.
Because of the non-static error ESO, voltage sensors for grid
voltages are saved. As the ESO also provides the delayed
source voltages information, it does not increase total com-
putational burden of the proposed method.

The remainder of this paper is organized as follows:
Section II introduces the topology and the model of MC;
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FIGURE 1. Topology of the matrix converter.

in Section III, the proposed control scheme is described in
detail; the simulation results of the proposed method and
comparisons with other FCS-MPC-based strategies are pro-
vided in Section IV; in Section V, the experimental results
are illustrated; and finally, the main points of this paper are
summarized in Section VI.

Il. MC SYSTEM DESCRIPTION

A. TOPOLOGY OF MATRIX CONVERTER

The topology of MC is illustrated in Fig. 1. It mainly consists
of the power grid interface, input LC filter, nine bidirectional
switches, and three-phase balanced loads.

Assuming that the nine bidirectional switches are ideal,
each switch Sy (x =a, b, c; y = A, B, C) has two possible
states: Sy, = 1 when on state and Sy, = 0 when off-state. The
states of nine switches can be represented as the following
switching matrix

Saa  Sab  Sac
S=|SBa Spr Spe (H
Sca  Scb Sce

For safety reasons, the input of MC cannot be short-
circuited, and the output should not be left open due to the
inductive loads. Thus, the switches should meet the following
constraints

Sya =+ Syb +Syc = 17 y € {A’B’ C} (2)

According to the constraints above, there are 33 = 27
feasible switching states.

From Fig. 1, the relationship between the output and input
voltages/currents are established as follows

UoA Saa Sap Sac Uig
up | = | Spa  Sep  SBe Uip 3
UoC | L Sca  Sc» Sce | L Uic
iiu ] 0 SAa SAb SAc 1" iuA
iip | = | SBa  SBr  SBe ioB “4)
lic | | Sca Scb Sce | | ioc
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where u;, and u,, represent the three phase input and output
voltages, respectively, i; and i,, represent the input and
output currents, respectively.

B. MODELING OF MATRIX CONVERTER SYSTEM
The dynamic behavior of a general three-phase balanced load
can be described as follows:
ngﬁo—Rio—E 4)

where L and R are the load inductance and resistance, respec-
tively; i, and i, are the output current and voltage vector;
¢ is the electromotive force (EMF) vector of the load. The
load may cover RL load, induction motor, permanent magnet
synchronous motor and grid. In this study, only the RL load
is considered, thus ¢ = 0.

The continuous-time model of input side is described as
the following equations:

d [ u i s
Sl Al | +B|Y 6

A:[ 0 1/Cy ] B:[ 0 —l/Cf]
—1/Ly —R¢/Ls |’ 1/Ls 0 ’

Ry, Ly, and Cy are the equivalent line resistance, the filter
inductance and capacitance, respectively, u; and fs are the
source voltage and current vectors, respectively, i; and i; are
the input voltage and input current vectors.

where

Ill. PROPOSED CONTROL SCHEME

Usually, the control targets of MC under unbalanced grids
are: 1) output voltages or currents regulation; 2) low-order
harmonics reduction of the source currents with less con-
tents and input reactive power control. To achieve these
targets, a control method based on FCS-MPC is proposed
for MC. Fig. 2 illustrates the overall control block dia-
gram, which mainly involves an ESO and an MPC algorithm
block. As shown, based on the novel power definition and
the ESO, the source current reference is calculated. With the
information of measured source currents and input voltages,
the ESO can accurately estimate the source voltages and
the delayed source voltages without using the grid voltage
sensors, thus reducing the system costs. The MPC is an
FCS-MPC, in which the sinusoidal source currents based on
the novel power definition and balanced output currents are
controlled. In this Section, the proposed control scheme will
be introduced for MC in detail.

A. CALCULATION OF SOURCE CURRENT REFERENCE

Since there are no storage units in MC, the input instanta-
neous active power of MC is equal to its output instantaneous
active power when the power losses are neglected. According
to the first target, the input instantaneous active power of
MC should keep constant. Regarding the second target, a cer-
tain reactive power will be regulated. However, the definition
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FIGURE 2. Block diagram of the proposed control scheme. (superscript ‘p’
denote as the predictive value at (k+2)-th instant).

of reactive power is non-unique [25]-[26]. For the same given
active and reactive power, the obtained currents are different
under different definitions of reactive power in the case of
unbalanced voltages.

In this paper, the definitions of instantaneous active and
reactive power based on the extension pqg theory in [25] are
introduced, where the input instantaneous active and reactive
power of the MC can be expressed as

Py = Re(i*iiy) @)
0 = Re(i*ii) 8)

where the superscript “*” denotes the conjugate of a vector;
Re(e) is a function which extracts the real part from its argu-
ment. ﬁ; denotes a vector whose phase lags i; by 90 degrees.

As proved in [26], if Qg is a constant, the oscillatory
components in Py can be eliminated naturally. That is, the def-
initions in (7) and (8) lay the foundation for the two control
targets under unbalanced grids mentioned before.

Denote the unbalanced source voltage vector iy as follows

(1) = Upel® + Uye/@1=9) )

where w is the angular frequency of source voltages, Up and
Uy are the amplitude of positive and negative sequence volt-
age, respectively, while ¢ is the initial phase angle between
positive and negative sequence voltage.

Then, the delayed source voltage ﬁ; can be expressed as

ity (1) = —j(Upe/™ — Uye@'=9)) (10)
Combine (7) ~ (10), the source currents vector is solved as

-/ >
‘l.' _ .Psus* - qus
=j—s =5

== (11)
Im(ug uy)
where Im(e) is a function which extracts the imaginary part
from its argument, X* represents the conjugate of X.

The denominator Im(ﬁ;*ﬁs) = %(Ug -U 1%,) is a constant,
g and ft; are sinusoidal. Thus, according to (11) when the
constant active power P and reactive power Qg are given,
the sinusoidal source currents will be obtained under both
balanced and unbalanced source voltages.
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B. ESO FOR SOURCE VOLTAGES ESTIMATION
From(6), both the source voltages and input voltages have to
be measured to implement the FCS-MPC. In order to reduce
the costs, a non-static error ESO is proposed to estimate the
source voltages.

Assume that the source voltages are unbalanced and its
frequency is constant and known. Then, the model of the input
side can be expressed as

disx .
Lf? = Usx — Uix — Rflsx
dqu ’
dr = T WU, (12)
du
e

where i, and ug, (x =a,b,c) are the source current and
voltage, respectively, and u,, is the delayed source voltages.
Based on (12), a non-static error ESO is designed as

d; N 2 . g
Lf d;x = Usx — Uix — Rflsx + ki (lsx - lsx)
dii, . 4
d_l;x — _a)usx + k2 (lxx — lsx) (13)
du . A
X — wUgy, + k3 <isx - isx)
dt

where ki, kz, and k3 are coefficients, which will be deter-
mmed later, iy, itg, and u u are the estimated value of iy, 1y
and uw, respectively.

Subtracting (12) from (13), we have

d Esx i”‘
E ’f/sx = Ag ’f,sx (14)
Ugy Ugy
where
~(Rf +ki)/Ly 1Ly 0O
Ap = —kp 0 —w |,
—k3 w 0
and
;sx ,l:sx - isx
u./sx = | fgx — Usx
ﬁsx ﬁsx — Ugy

represents the estimation error.
Then, the characteristic equation of the proposed ESO is
expressed as

A(s) = |sl — Ag|
ki+R k k R k
—1+ fs2+ —2+a)2 s+—1+ fa)z——3a)
Ly Ly Ly Ly
(15)

= s3+

To simplify the tuning process, all the poles are placed in
the same location, then the desired A(s) is formulated as

A(s) = (5 + we)? (16)
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where w. represents the location of the pole. Let (15) and (16)
equal to each other, then ki, k>, and k3 can be obtained
accordingly.

k1 = 3w:Lf — Ry
ky = (3w? — ) Ly (17)
ky = (3(06.(1) — a)?/a)) Ly

When w, > 0, the designed Ag is a Hurwitz matrix. Then,
the estimation error will be close to zero, and the convergence
speed of the error is determined by w,.

On one hand, the grid voltages information are estimated
by observer, which eliminates the voltage sensors and then
reduces costs effectively. On the other hand, the delayed
source voltage is also obtained by the observer. As a result,
the extra strategy for obtaining the delayed source voltage is
omitted, which reduces the computational burden to a certain
extent.

C. DISCRETIZATION OF THE MC SYSTEM

To predict the future behavior of the system variables, the
discrete-time model of MC should be developed. Assume that
the control inputs are piecewise constant over the sampling
period T, the model of input LC filter in (6) is discretized as

follows,
=k+1 =k Sk
u. u u
o ]=oli]enl] o
S s

G =,

and the subscript ‘4’ and ‘6 + 1’ denote as the k-th and
(k + 1)-th sampling time, respectively.

As the continuous-time models of the load and non-static
error ESO in (5) and (13) can be written with the similar form
of (18), so the discrete-time models of the load and ESO can
also be obtained by (19).

where

H=A"'G-DB (19)

D. CONSTRUCTION OF THE COST FUNCTION

The tasks of the FS-MPC are to track the desired input cur-
rents and output currents. Based on the discrete-time models
and control objectives, the cost function can be constructed
as follows.

1) CONTROL OF SOURCE CURRENTS
To achieve the sinusoidal source currents, the following cost

function is constructed.

k42

2
lsref — I H

g1 = (20)
where ?mf is the desired vector of source current, which can
be obtained from (11) by replacing P and Qg with Py, and
Qyrer; 1% 1| denotes as the Euclidean norm of the vector X.

To achieve the UPF operation, Py, and Qs are given by

Psref = Poref/na eref =0 2n
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where P, is the active power reference of load, which is
determined by the type of loads, and 7 is the efficiency of the
converter.

The active power reference P, of three phase balanced
load can be written as

312,R,  when RL load
Poref = 1 T2, when motor load (22)
%IomUomcosgoo. when grids

where I,,, is the amplitude of the output current reference,
U, is the amplitude of the voltage of balanced grid, ¢, is
the desired displacement angle, T and €2 are the torque and
angular speed reference of a motor, which can be obtained
from the motor control.

As mentioned above, Pg,s depends on two factors: n
and Pyr. Although 1 is an unknown and time-varying
parameter and P, is not accurately known, they have a little
effect on the system performance. The imposed source cur-
rents by the instantaneous power can provide active damping
for MC [29], [30]. And the reason for using the quantities
at (k+2)-thsampling time in (20) is to compensate the time
delay [18].

2) CONTROL OF OUTPUT CURRENTS

To achieve the desired output currents, the following cost
function is considered.

- - 2
: %42
loref — 1, H

(23)

82 =

where ?oref = Ipm €0S (Wt — Qo) + jlom sin (wot — @,) 1s the
desired vector of output currents, w, is the angular frequency
of output current.

The resulting cost function should reflect both the quality
of source and output currents. Thus, the total cost function
can be constructed as follows

F=g+ig (24)

To facilitate the adjustment of the weighting factor A, the
normalized total cost function is used.

822—1-)» 81

F = > (25)

-

ioref

-

Lsref

The weighting factor handles the relative importance of
the two control objectives. Different choices of weighting
factor lead to different comprehensive performance. Usually,
the weighting factor selected by trial and error method [31].

E. IMPLEMENTATION PROCESS
The implementation process of the proposed method is shown
in Fig. 3.
Step 1: Measure the source current ;’S‘ , input voltage ﬁf.‘ and
output current ?{j, and estimate the source voltages ftf and f/sk
Step 2: Calculate the reference signals iser and ioner
by (11) and (23).
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FIGURE 3. Flowchart of the proposed FCS-MPC method.

Step 3: Calculate the output voltage ﬁ’; and input current 7{‘
by (3), (4) and the current switching state S¥, and then predict
the voltages and currents at the (k 4+ 1)-th sampling period
by combining (5), (6) and (19), include #*+1, i&+1 Wk + 1,
th“, and ;ﬁH.

Step 4: Repeat step 3 for all the 27 valid switching states
to predict the voltages and currents at the (k 4 2)-th sampling
period.

Step 5: Evaluate the cost function (25) and apply the
optimal switching state at the (k 4 1)-th sampling period.

Then, repeat all the steps in the next switching time.

IV. SIMULATION RESULTS

In this Section, simulations have been carried out on MC sys-
tem to illustrate and validate the proposed method. Besides,
the comparisons with other FCS-MPC methods for unbal-
anced grids are given.

A. SIMULATIONS OF PROPOSED METHOD
Numerical simulations are carried out in Matlab/Simulink
platform. The related parameters are listed in Table 1.

The proposed ESO, in which w, is set to 1000z rad/s,
is tested under unbalanced source voltages (Usy, = Ug, =60V,
Usc = 40V). The waveforms of the estimated voltage iy,
delayed voltage lft;a and estimated error iy, are shown
in Fig. 4. As seen, the estimated error is almost zero,
it;a has the same amplitude with iy, and ﬁ;a lags itg,
90 degrees, which proves the feasibility of the ESO.
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TABLE 1. Parameters of the matrix converter system.

Parameters Value
Source voltage
frequency( f7) S0 Hz
Control period ( 7) 100 ps
Input mains and filter
inductor ( L,) 0.6 mH
Input filter capacitor (
66 uF
&) 3
Input passive damping 0020
resistor (R)) ’
Resistor of load (R) 55Q
Inductor of load (L) 6 mH
Weighting factor (/1) 1.0

Voltage(50V/div) Voltage(50V/div)
r =TT

Time(10ms/div)

FIGURE 4. Waveforms of the unbalanced source voltages and the
estimated voltages by ESO.

When the amplitude and frequency of reference output
currents are set to 10A and 30Hz, respectively. The simula-
tion results under proposed method are shown in Fig. 5(a).
From top to bottom, they are source current iy, and
source voltage ug,, source currents iy, isp, isc, and output
currents iya, IoB, ioc. As seen, the source currents are basi-
cally sinusoidal, the output currents are balanced, and almost
UPF is achieved.

B. SIMULATION COMPARISONS

The comparisons are performed among the following four
FCS-MPC methods: the proposed method, PS strategy [17],
IUPF strategy [17], [18], and APOC method [17].

In IUPF strategy, the source current reference is calculated
by making the conventional instantaneous power a constant.
The balanced output currents can be achieved, but the quality
of input current cannot be assured. In PS strategy, the positive
sequence component of source voltages is adopted to generate
the source current reference. The balanced source currents
could be obtained. However, the quality of output currents
is poor as the ac-term in output active power will exists
inevitably in this case. In APOC strategy, sinusoidal source
currents and balanced output currents could be achieved
simultaneously. The proposed method and APOC are equiva-
lent in input-output characteristics. The difference between
them lies in the methods to calculate the source current
reference, which will be reflected in computational burden.

The simulation results of above methods are shown
in Fig. 5. The uniform cost function (25) is adopted and the
weighting factor of four methods is set to 1.0. The simulation
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FIGURE 5. Simulation results of three different FCS-MPC methods.
(a) Proposed method. (b) IUPF strategy. (c) PS strategy. (d) APOC strategy.

results of IUPF strategy is shown in Fig. 5(b), the balanced
output currents can be achieved but the source currents are
distorted seriously. The waveforms of PS strategy are illus-
trated in Fig. 5(c). The balanced source and output currents
and almost UPF operation are achieved. Seen from Fig. 5(a)
and Fig. 5(d), the APOC strategy and the proposed method
are basically the same, the sinusoidal source currents and
balanced output currents are achieved.

The total harmonic distortions (THDs) of source currents
and output currents under the above methods are listed
in Table 2. As demonstrated, the current quality under the
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TABLE 2. THDs of source and output simulation waveforms under
different FCS-MPC methods.

Method THD of source currents THD of output currents
isa isp ise Tod ioB ioc
IUPF 13.22%  12.98% 13.3% 3.71% 3.64% 3.75%
PS 5.42% 5.25% 5.54% 4.75% 4.70% 4.72%
APOC 4.80% 4.74% 4.39% 3.68% 3.64% 3.62%
P};"eliﬁzzd 480%  474%  439%  3.68%  3.64%  3.62%

Controller gl

3 Input
Inductor

FIGURE 6. Experimental setup.

proposed method and the APOC strategy are the same and
they have the best current quality, the quality of output cur-
rents under PS strategy is the worst, and the quality of source
currents under IUPF strategy is the worst.

V. EXPERIMENTAL RESULTS
To validate the proposed control scheme, experiments have
been carried out on the MC system. The experimental setup
is shown in Fig. 6, which includes transformer, main cir-
cuit, input LC filter, controller board, drive boards, clamp
circuit, and a three-phase balanced RLload. The main circuit
consists of nine bi-directional switches, which are realized
by the IGBT module FF200R12KT3_E. The main controller
mainly includes: a floating-point digital signal processor
(DSP) TMS320F28335 and a field programmable gate array
(FPGA) EP2C8J144C8N. The DSP is responsible for imple-
menting the proposed method and transmitting the optimal
switching states to FPGA. The FPGA is used to generate
the PWM signals to the drive boards. The related experi-
mental parameters are the same with the parameters as listed
in Table 1.

The experiments are carried out in the following cases:

Case I : the source voltages are balanced, and Ugy, = Uy, =
Usc = 60V (RMS);

Case II: the source voltages are unbalanced, and Uy, =
Ugsp, = 60V, Use = 40V.

Case III: the source voltages are seriously unbalanced, and
Usa = Ugp = 60V, Uge = 120V.
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FIGURE 8. Input and output waveforms under case I.

A. EXPERIMENTS OF PROPOSED METHOD

First, the feasibility of designed ESO is tested. By FFT
analysis, the THDs of source voltages under case II are
3.37%, 3.58% and 4.95%. The voltages i, iy, f/w and iz,
are shown in Fig. 7(b), us, and i, are coincident, and the
estimated error is small and within £3V. As a conclusion,
the designed ESO can track the source voltages well even
though there exist some harmonics in the source voltages.

In case I, when the amplitude and frequency of output
current are set to 10A and 30Hz respectively, the measured
input and output waveforms are shown in Fig. 8. As seen,
the source currents and output currents are balanced. Addi-
tionally, the UPF operation is achieved.

In case II, two different reference output currents are tested:
fo = 30Hz, I,,, = 10A and f, = 60Hz, I,,, = 10A. The
power reference and amplitude of output current reference are
the same under the two conditions, so the source currents will
be the same. The waveforms of source currents and calculated
power are illustrated in Fig. 9, where the instantaneous power
is calculated by DSP, and attenuated by 200 times, then output
to the oscilloscope through the D/A converter chip AD5725.
The source currents are basically sinusoidal but unbalanced,
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FIGURE 9. Input waveforms of the proposed method under case II.
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FIGURE 10. Output waveforms of the proposed method under case II.
(a) fo = 30Hz, Iom = 10A; (b) fo = 60Hz, Iom = 10A.

Current (10A/div)

Voltage(150V/div,

Pg and Qg are controlled to be constant values without
double-frequency ripple power. The phase shift between
source voltage ug, and source current is, is almost zero, but
the conclusion that the system operates at UPF cannot be
drawn. The reasons is that the phase-shift of each source cur-
rent in Fig. 9 is not 120 degrees. In fact, QO equals to zero rep-
resents that the sum of reactive powers of three input phases
is zero, rather than that the source current is in phase with the
respective source voltage. Fig. 10 shows the waveforms of
output phase-to-phase voltage and output currents, the output
currents under different conditions are balanced. Besides,
it can be observed from Fig. 10(a) and Fig. 8 that the output
currents are basically the same. It can be concluded that the
balanced output currents, constant instantaneous active power
and minimum instantaneous reactive power can be achieved
under unbalanced input voltages regardless of the output
frequency, which verifies the effectiveness of the proposed
method.

Further, different reactive power references are performed
by the proposed method under case II. In Fig. 11(a) and
Fig. 11(b), the output currents are set to 6A/30Hz, Qs are
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FIGURE 11. Waveforms with different reactive power settings under
case Il (fo = 30Hz, Iom = 6A). (a) Qgref = OVar; (b) Qe = 400Var.
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FIGURE 12. Experimental waveforms of the proposed method under case
Il (fo = 60Hz, lom = 11A).

set to OVar and 400Var respectively. As seen, the calculated
power are controlled to be constant values under two condi-
tions, which means the source currents are sinusoidal and the
output currents are balanced. In addition, there is an apparent
phase shift between uy, and iy, when Qgor = 400Var. It can
be concluded that the proposed method has the capability to
control the reactive power under the premise of ensuring the
quality of source and output currents.

Fig. 12 shows the waveforms in case III with f, = 60Hz,
I,m = 11A. As seen, the source currents are basically sinu-
soidal and the output currents are balanced, P; and Q; are
constant, which confirm the effectiveness of the proposed
method again.

In addition, a series of experiments are tested to show the
effects of efficiency settings on system performance under
case Il with f, = 60Hz, I, = 11A. The measured values of
source currents and output currents under different efficiency
settings are listed in Table 3. It is observed that the differences
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TABLE 3. Amplitude and THD Of source currents and output currents
with different efficiency values.

Amplitude and THD of source Amplitude and THD of output

n currents currents
Isq isp I To4 ioB loc

08 8.253A/  7.587A/ 5.4A/ 11.03A/ 11A/ 11.02A/

: 7.72% 7.87% 9.21% 7.37% 7.11% 7.23%
0.85 8.118A/ 7.453A/ 5.314A/ 1091A/ 10.92A/ 10.94A/

: 7.4% 7.65% 8.94% 7.12% 7.03% 7.0%
0.90 8.001A/ 7.334A/ 5.253A/ 10.88A/ 10.85A/ 10.85A/

! 7.27% 7.46% 8.79% 6.86% 6.96% 6.93%
095 7.827A/  7.166A/ 5.108A/ 10.71A/ 10.72A/ 10.71A/

7.17% 7.32% 8.6% 6.80% 7.19% 6.82%

TABLE 4. THDs of source and output experimental waveforms under
different FCS-MPC methods.

THD of source currents THD of output currents

Method - . -
™ isp ise loa LoB loc
TUPF 15.04%  15.6%  1642%  7.5%  7.36%  7.32%
PS 829%  8.49%  8.08%  895%  836%  827%
APOC 768%  754%  728%  6.76%  659%  6.60%
Pl\r;’eptﬁf;d 754%  157%  726%  6.62%  6.68%  6.63%

of source current amplitude and output current amplitude are
not significant when the efficiency derivation over a large
interval. The THD of output currents are quite close under
different efficiency settings. As a conclusion, the efficiency
setting 1 has little effect on the quality of source and output
currents.

B. EXPERIMENTAL COMPARISONS

For comparison purpose, the waveforms of IUPF strategy,
PS strategy and APOC strategy under case II with f, =
30Hz, I,,, = 10A are shown in Fig. 13(a), Fig. 13(b) and
Fig.13(c), respectively. From top to bottom, they are source
current igz, and source voltage ug,, source currents isy, isp, isc,
conventional instantaneous power Ps and Q.(Q, = Im(?}"ﬁs)),
output phase-to-phase voltage usp and output currents iya,
ioB, Ioc. As illustrated in Fig. 13(a), the output currents are
balanced but the source currents are distorted under IUPF
strategy. In addition, Py and Q. are controlled to be constant
values, which means that the source currents’ quality are
sacrificed to assure the output currents’ quality. In Fig. 13(b),
the balanced source currents are also obtained, but the instan-
taneous active power and reactive power are fluctuant, so the
output current quality is relatively poor. Comparing Fig. 13(c)
with Fig. 9 and Fig. 10 (a), the source currents and output
currents of the APOC strategy and the proposed method are
basically the same. A clear distinction is that Qs is constant
but Q. is fluctuant.

To evaluate the harmonic performance of four FCS-MPC
methods in an intuitive way, the THDs of the source and
output currents under case II are illustrated in Table 4.
As demonstrated, the current quality of APOC strategy and
the proposed method are basically the same and superior to
IUPF strategy and PS strategy, which is in accordance with
the simulation results in Section IV (Table 2).
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FIGURE 13. Experimental waveforms of different FCS-MPC methods
under case Il (fo = 30Hz, Iom = 10A). (a) IUPF strategy (b) PS strategy
(c) APOC strategy.

The execution time required by the mentioned four
FCS-MPC methods are listed in Table 5. The required exe-
cution time for IUPF strategy is the least, because its source
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TABLE 5. Execution time of different FCS-MPC methods.

Execution time ()

Method Reference Prediction Other
ESO  AD Calculation  &Evaluation  Algorithms Total
TUPF / 22 1.6 67.7 1.4 72.9
PS / 22 2.4 67.7 1.4 73.7
APOC / 22 4.0 67.7 1.4 753
Proposed
Method 0.8 1.5 1.6 67.7 1.4 73.0

current reference is calculated by the source voltages and
expected power directly. As the positive sequence component
of source voltages needs to be extracted, the PS strategy
takes slightly longer execution time. It worth noting that
IUPF strategy and PS strategy need less computation time,
but their input and output performance are poor. The APOC
strategy has the excellent input and output current quality, but
it takes the longest execution time. The reason is that both the
positive and negative sequence component of source voltages
are needed. The reference calculation process of the proposed
method is very simple. Thus, the total execution time for the
proposed method is short even though an ESO is added. As a
conclusion, the proposed method can achieve good input and
output current performance, save the system cost and reduce
the computational time.

VI. CONCLUSION
In this paper, a predictive control based on new reactive power
definition is presented for matrix converter under unbal-
anced source voltage conditions. Under this control scheme,
the ac-term in active power could be eliminated, together
with balanced output currents and sinusoidal source currents.
Moreover, the grid voltage sensors are no longer needed
and the phase-locked loop and positive/negative sequence
decomposition are not required, resulting in the reduction of
system costs and computational burdens. In fact, it is a general
control strategy for MC under both balanced and unbalanced
source voltage conditions. These characteristics make this
strategy more suitable for practical applications.
Furthermore, the proposed method can be extended to
other converters (e.g. three-phase voltage source rectifier
and three-phase current source rectifier) to improve the
input or output performance and reduce the system costs
under unbalanced input conditions.
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