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Simplified Finite Control Set-Model Predictive
Control for Matrix Converter-Fed PMSM Drives

Mohsen Siami, Davood Arab Khaburi , and Jose Rodriguez , Fellow, IEEE

Abstract—Finite control set-model predictive control (FCS-
MPC) is emerging as an attractive alternative for power convert-
ers control. In comparison with the classical linear controllers,
FCS-MPC needs a shorter control loop cycle time to achieve the
same performance. But, the conventional FCS-MPC involves a
large amount of calculation. The calculation efforts increase with
the number of switching states of the power converter as well as the
control objectives, which is a challenge for its application. This pa-
per proposes an effective method to simplify the FCS-MPC and to
reduce its calculation efforts for its application in matrix converter-
fed permanent magnet synchronous motors. The experimental re-
sults which verify the good performance of the proposed method
are presented.

Index Terms—Matrix converter, permanent magnet motor, pre-
dictive control.

I. INTRODUCTION

MATRIX converters are attracting wide attention because
of their interesting features such as compact design, bidi-

rectional power flow, controllable input reactive power, and si-
nusoidal input/output currents [1]. Since Alesina and Venturini
introduced the first modulation method, known as direct transfer
function modulation [2], different modulation methods and con-
trol strategies for matrix converters have been proposed in the
literature including the scalar method, pulse with modulation
and space vector modulation techniques, direct torque control,
and predictive control [3].

The finite control set-model predictive control (FCS-MPC)
is the most attractive kind of predictive control and has been
developed widely in recent years due to its intuitive concept,
straightforward implementation, and easy inclusion of system
constraints [4]–[9]. In FCS-MPC, the control objectives are pre-
dicted for all of possible switching states of the power converter
and the optimal state is selected through the minimization of
a cost function. So, the output of control algorithm is only
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one switching state in every control interval and no modulation
stage is required. Thus, its switching frequency is variable and to
achieve the similar performance of the modulation-based con-
trol strategies, a shorter control time interval is required [10],
[11]. However, the calculation time for prediction and evalua-
tion of all switching states is an obstacle to shorten the control
time interval. The calculation time is more challenging when the
number of switching states of the power converter increases or
more objectives are considered for control. For example, in the
case of a three-phase to three-phase matrix converter, there are
27 admissible switching states and the calculation time increases
rapidly with more control objectives. Hence, the implementation
of FCS-MPC for a matrix converter requires powerful hardware
that limits its use in industry applications [12]–[21].

In recent years, different strategies have been proposed to
decrease the computational burden in FCS-MPC [22]–[31]. In
[22] and [23], the calculation effort for long prediction hori-
zons decreased through discarding suboptimal sequences by
adopting branch and bound algorithm. In [24], the approximate
dynamic programming is used to estimate the infinite horizon
tail cost of the MPC problem formulation which decreases the
horizon length and reduces the computational burden. Sector
distribution on input voltage vector is used in [25] to decrease
the number of candidate voltage vectors for prediction. There
are several other approaches to reduce the computational burden
such as double-vector-based approach [26], selecting a subset
of adjacent vectors [27] graphical algorithm [28], and modified
switching algorithm [29]. A lookup table has been proposed in
[30] to decrease the number of candidate vectors for predictive
control of an induction machine fed by a two-level inverter,
where the control objectives are only the motor torque and
flux and the designing of the cost function is relatively easy.
Similar idea has been proposed in [31] for matrix converter.
In [32]–[34], interesting approaches have been suggested to
decrease the running time of FCS-MPC. The main idea in these
papers is similar, where the optimum switching state is decided
based on the desired voltage vectors. The control objectives
are load currents in [32], motor torque and flux in [33], and
reactive and active powers in [34]. These techniques have been
applied through a two-level inverter, a three-level inverter, and
a doubly fed induction generator, respectively.

The main contribution of this paper is to simplify the
implementation of FCS-MPC on a matrix converter-fed per-
manent magnet synchronous motor (PMSM) by extending the
introduced ideas in [32]–[34]. This simplification is achieved
through two main steps: 1) elimination of the prediction of
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Fig. 1. Matrix converter and power circuit.

motor currents for different switching states; and 2) reduction
of candidate switching state for prediction and evaluation. The
experimental implementations of the proposed method and the
conventional FCS-MPC show that with the proposed method
the running time is considerably reduced without significant
effect on the control performance.

II. SYSTEM MODEL

The system studied in this paper comprising matrix converter,
input filter, and PMSM is presented in Fig. 1. The input current
and the output voltage space vectors of matrix converter are
given, respectively, as

ii =
2
3

(
iA + a · iB + a2 · iC

)
= ii max · ejβi (1)

vo =
2
3

(
va + a · vb + a2 · vc

)
= vo max · ejαo (2)

where a = ej (2π/3) and ia , ib , and ic are input phase currents and
va , vb , and vc are output phase voltages of the matrix converter.
iimax and vomax are the amplitudes of input current and output
voltage vectors, respectively, and βi and αo are the angles of
input current and output voltage vectors, respectively. Similar
definitions can be expressed for the source voltage vector vs ,
the source current vector is , and the output current vector io .

The relationship between the input and output voltages of
matrix converter can be given by

vo =

⎡

⎣
va

vb

vc

⎤

⎦ =

⎡

⎣
SAa SBa SCa
SAb SBb SCb
SAc SBc SCc

⎤

⎦ ·
⎡

⎣
vA

vB

vC

⎤

⎦ = S · vi. (3)

And the relationship between the input and output currents of
matrix converter can be given by

ii =

⎡

⎣
iA
iB
iC

⎤

⎦ =

⎡

⎣
SAa SAb SAc
SBa SBb SBc
SCa SCb SCc

⎤

⎦ ·
⎡

⎣
ia
ib
ic

⎤

⎦ = ST · io (4)

where ST is the transpose of matrix S and Sxy with x ∈
{A,B,C} and y ∈ {a, b, c} is the switching function of a

TABLE I
SPACE VECTORS OF A THREE-PHASE TO THREE-PHASE MATRIX CONVERTER

State On Switches vo αo ii βi

+1 SA a SB b SB c 2/3vA B 0 2/�3ia −π /6
−2 SB a SA b SA c −2/3vA B 0 −2/�3ia −π /6
+2 SB a SC b SC c 2/3vB C 0 2/�3ia π /2
−2 SC a SB b SB c −2/3vB C 0 −2/�3ia π /2
+3 SC a SA b SA c 2/3vC a 0 2/�3ia 7π /6
−3 SA a SC b SC c −2/3vC a 0 −2/�3ia 7π /6
+4 SB a SA b SB c 2/3vA B 2π /3 2/�3ib −π /6
−4 SA a SB b SA c −2/3vA B 2π /3 −2/�3ib −π /6
+5 SC a SB b SC c 2/3vB C 2π /3 2/�3ib π /2
−5 SB a SC b SB c −2/3vB C 2π /3 −2/�3ib π /2
+6 SA a SC b SA a 2/3vC A 2π /3 2/�3ib 7π /6
−6 SC a SA b SC c −2/3vC A 2π /3 −2/�3ib 7π /6
+7 SB a SB b SA c 2/3vA B 4π /3 2/�3ic −π /6
−7 SA a SA b SB c −2/3vA B 4π /3 −2/�3ic −π /6
+8 SC a SB b SC c 2/3vB C 4π /3 2/�3ic π /2
−8 SB a SB b SC c −2/3vB C 4π /3 −2/�3ic π /2
+9 SA a SA b SC c 2/3vC A 4π /3 2/�3ic 7π /6
−9 SC a SC b SC c −2/3vC A 4π /3 −2/�3ic 7π /6
0a SA a SA b SA c 0 – 0 –
0b SB a SB b SB c 0 – 0 –
0c SC a SC b SC c 0 – 0 –
+10 SA a SB b SC c vim a x α i io m a x β o

−10 SA a SC b SB c vim a x −α i io m a x −β o

+11 SC a SA b SB c vim a x α i +2π /3 io m a x β o +2π /3
−11 SB a SA b SC c vim a x −α i +2π /3 io m a x −β o +2π /3
+12 SB a SC b SA c vim a x α i +4π /3 io m a x β o +4π /3
−12 SC a SB b SA c vim a x −α i +4π /3 io m a x −β o +4π /3

bidirectional switch as

Sxy =
{

0 if Sxy is open

1 if Sxy is close
. (5)

Since the input side of matrix converter is a voltage source in
Fig. 1, the short circuit in the input side is not allowed and due
to inductive nature of the load (PMSM), the output side current
should not be interrupted. Avoiding these conditions, there are
27 allowable switching states for the matrix converter. These
states and their associated output-voltage and input-current vec-
tors are presented in Table I. The switching states can be classi-
fied into three groups, comprising “active vectors” with variable
magnitude and fixed direction (±1 to ±9), “rotating vectors”
with fixed magnitude and variable direction (±10 to ±12), and
“zero vectors” with zero magnitude (0a–0c).

III. CONVENTIONAL FCS-MPC FOR A MATRIX

CONVERTER-FED PMSM

The conventional FCS-MPC involves two main steps: 1) pre-
dicting control variables for all admissible switching states of
the converter; and 2) evaluating the predicted values in a cost
function and determining the state that minimizes the cost func-
tion. In this paper, we consider the stator currents of PMSM and
the input reactive power of matrix converter as control variables
to analyze the performance and required computational efforts
of the conventional FCS-MPC.
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The dynamic equation of a surface-mounted PMSM in the
stationary reference frame is

Ls
dio
dt

= −Rs io − e + vo (6)

where Rs and Ls are the stator resistance and stator inductance,
respectively, and e is the back electromotive force (EMF) vector.

To predict the stator currents, the forward Euler discretization
is applied to (6), and the discrete-time expression of (6) with
sampling time Ts is obtained as

io|sw (k + 1) = io(k) +
Ts

Ls
[−Rs io(k) − e(k) + vo|sw ] (7)

where “sw” indicates different switching states of the matrix
converter. The magnitude and phase of output voltage vectors
associated with different switching states are listed in Table
I. Equation (7) states the motor current at instant (k + 1) is
determined by the back EMF and current at instant (k + 1),
denoted with e(k), io(k), respectively, and the output voltage
of matrix converter, denoted with vo .

For predicting the input reactive power, a discrete-time model
is derived from continuous-time model of the input filter. The
input filter’s model, shown in Fig. 1, can be represented by the
following continuous-time space-state model:

[
v̇i

i̇s

]
= A

[
vi

is

]
+ B

[
vs

ii

]
(8)

where

A =

⎡

⎢
⎢
⎣

0
1

Cf

−1
Lf

−Rf

Lf

⎤

⎥
⎥
⎦ , B =

⎡

⎢
⎢
⎣

0
−1
Cf

1
Lf

0

⎤

⎥
⎥
⎦ (9)

where Cf and Lf are the filter capacitance and inductance, re-
spectively, and Rf is the leakage resistance of Lf . The discrete-
time state-space model of the input filter can be derived from
(9) as follows:

[
vi(k + 1)

is(k + 1)

]

= Ad

[
vi(k)

is(k)

]

+ Bd

[
vs(k)

ii(k)

]

(10)

where

Ad = eATs , Bd =
∫ Ts

0
eA(Ts −τ )Bdτ . (11)

The source current is predicted by solving is (k + 1) from
(10) as

is|sw (k + 1) = Ad(2, 1)vi(k) + Ad(2, 2)is(k)

+ Bd(2, 1)vs(k) + Bd(2, 2)ii|sw . (12)

Equation (13) states the source current at instant (k + 1) is
determined by the source voltage, source current, and the input
voltage of matrix converter at instant (k), denoted with vs , is ,
and vi , respectively, and the input current of matrix converter
denoted with ii .vs , is , and vi are given by measuring and the
input current of the matrix converter ii is calculated using (2)
and (4) for each switching state.

The instantaneous input reactive power is predicted by

Qsw (k + 1) = Im
{
vs(k + 1) · īs|sw (k + 1)

}
(13)

where īs is the complex conjugate of vector is . Since the
source voltages are low-frequency signals, it can be assumed
that vs(k + 1) ≈ vs(k).

Equations (7) and (13) are applied to predict the motor current
and the input reactive power at instant (k + 1) for all admissible
switching states of the matrix converter, supposing the appli-
cation of each switching state from instant k to instant k + 1.
A cost function is required to decide the best switching state.
A classical cost function can be defined as the absolute error
between the predicted values and their corresponding reference
values as

CFsw =
∣
∣
∣i∗o − io|sw (k + 1)

∣
∣
∣ + kQ |Q∗ − Qsw (k + 1)| (14)

where i∗o and Q∗ are the reference values of motor current and in-
put reactive power, respectively. kQ is a weighting factor which
handles the relative importance of reactive power over motor
current. An interesting idea has been proposed in [35] and [36]
to discard the weighting factor. But, the implementation of this
idea for a matrix converter with 27 possible switching states
requires a lot of calculations.

The realization of conventional FCS-MPC is to find the
switching state that minimizes the cost function (14) and then
applies it to the converter. Since there are three switching states
that produce zero vectors (0a, 0b, 0c), the 27 admissible switch-
ing states of the matrix converter produce 25 different combina-
tions of output voltage and input current vectors. In conclusion,
a conventional FCS-MPC of matrix converter requires 25 mo-
tor current calculations, 25 input reactive power calculations,
and 25 calculations of the cost function. These calculations are
computationally expensive and need powerful hardware and low
sampling frequency. This shortcoming restricts the industrial
application of FCS-MPC for matrix converters.

IV. SIMPLIFIED FCS-MPC FOR A MATRIX

CONVERTER-FED PMSM

A. Simplification of Prediction

The key point of the proposed method to simplify FCS-MPC
is to avoid 25 motor current predictions for instant k + 1. Instead,
it uses desired output voltage vector for prediction procedure.

The desired output voltage vector vo
∗(k) to achieve the mo-

tor reference current at instant k + 1 can be obtained from
(7) as

v∗
o(k) =

Ls

Ts
[i∗o(k + 1) − io(k)] + Rs io(k) + e(k). (15)

Equation (15) states the motor current will be exactly equal
to its reference at instant k + 1, if the exerted voltage vector to
the motor through the converter at instant k can be the same as
vo

∗(k), calculated with (15). But, due to lack of any modulator,
the matrix converter can produce only 25 voltage vectors that
may not be exactly equal to desired voltage vector. However,
exerting the nearest voltage vector to the desired voltage vector
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Fig. 2. Active voltage vectors of a matrix converter.

is the most appropriate choice to reduce the error between the
stator current and its reference at the end of the next sampling
time. For this purpose, a new cost function can be defined as
follows:

CFsw =
∣
∣
∣v∗

o(k) − vo|sw
∣
∣
∣ . (16)

To control the input reactive power a second term is added to
the cost function (16). To do this, (16) is extended to

CFsw =
∣
∣
∣v∗

o(k) − vo|sw
∣
∣
∣ + kQ |Q∗ − Qsw (k + 1)| . (17)

The cost function (17) can be calculated for all 25 switching
states of the matrix converter and the one that minimizes it
is applied to the converter. In this way, the calculations of 25
motor current predictions are avoided and only one prediction
is required to calculate the desired voltage vector.

B. Reducing the Candidate Switching State for Prediction

The proposed method can be further simplified by reducing
the candidate switching state for prediction and evaluation in
the cost function.

Fig. 2 depicts the space distribution of active voltage vectors
of the matrix converter in α–β plane. As depicted, the ma-
trix converter generates 18 active vectors {±1, . . . ,±9} in six
different directions v1 , . . . , v6 . The direction of each vector is
constant but its magnitude is dependent on the instant value of
the input voltages of the matrix converter. The α–β plane can
be divided into six sectors S1 , . . . , S6 where

(2N − 1)π/6 ≤ SN ≤ (2N + 1)π/6. (18)

According to the sector which the desired output voltage vec-
tor v∗

o(k) is located, the active vectors located in corresponding
sector are the closest vectors to v∗

o(k). For example, supposing
that v∗

o(k) is located in sector 2, the active vectors in the same
direction with v2 are the closest vectors to v∗

o(k). On the other
hand, for each direction v1 , . . . , v6 , matrix converter can gen-
erate three active vectors with different amplitudes. According
to [37], at least one of these vectors reduces the input reactive

TABLE II
PROPER DIRECTION OF ACTIVE VECTORS ACCORDING THE SECTOR THAT THE

DESIRED VOLTAGE VECTOR IS LOCATED

Desired voltage vector sector

1 2 3 4 5 6
v1 v2 v3 v4 v5 v6

TABLE III
CANDIDATE ACTIVE VECTORS BASED ON INPUT VOLTAGE SECTOR AND

PROPER DIRECTION OF VECTORS

Input voltage sector

1 2 3 4 5 6

v1 +1, +2, −3 –1, +2, −3 –1, +2, +3 –1, −2, +3 +1, −2, +3 +1, −2, −3
v2 –7, −8, +9 +7, −8, +9 +7, −8, −9 +7, +8, −9 –7, +8, −9 –7, +8, −9
v3 +4, +5, −6 –4, +5, −6 –4, +5, +6 –4, −5, +6 +4, −5, +6 +4, −5, −6
v4 –1, −2, +3 +1, −2, +3 +1, −2, −3 +1, +2, −3 –1, +2, −3 –1, +2, −3
v5 +7, +8, −9 –7, +8, −9 –7, +8, +9 –7, −8, +9 +7, −8, +9 +7, −8, −9
v6 –4, −5, +6 +4, −5, +6 +4, −5, −6 +4, +5, −6 –4, +5, −6 –4, +5, +6

power and one of them increases it. So, these three active vectors
can ensure the possible demand for decrease or increase of input
reactive power. In addition to these three active vectors, there
are six rotating vectors whose directions are not fixed and may
be close to v∗

o(k). Therefore, these six rotating vectors along
with the three active vectors and one proper zero vector can be
selected as candidate vectors for prediction and evaluation.

In conclusion, in the proposed method not only the 25 motor
current predictions are eliminated, but also the 25 input reactive
power predictions and 25 cost function evaluations which are
required in conventional FCS-MPC are reduced to 10 input
reactive power predictions and 10 cost function evaluations.
In this way, the running time of the algorithm is considerably
reduced.

C. Overall Control Procedure

The proposed simplified FCS-MPC for matrix converter-fed
PMSM includes four main parts:

1) calculation of the desired voltage vector and the sector
which is located;

2) determining the candidate vectors for prediction;
3) prediction of input reactive power;
4) minimization of the cost function.
The desired voltage vector is calculated by (15) and the sector

which is located is determined according to (18). A Lookup
table is used to determine the closest direction of active vectors
to the desired voltage vector, based on the location of the desired
voltage vector, as presented in Table II. A second lookup table,
see Table III, is used to determine the three active vectors of
matrix converter based on Table II, and the sector that input
voltage vector is located. The input reactive power is predicted
for the three active vectors and six rotating vectors and one zero
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TABLE IV
SYSTEM PARAMETERS

Parameter Description Value

p Number of pole pairs 4
Rs (Ω) Stator resistance 0.7
Ls (mH) Stator inductance 8
ϕm (mWb) Rotor magnet flux 0.14
vrm s (V) Source line to line voltage 220
ωr (r/min) Rated speed 2000
Tr (Nm) Rated torque 4.7
Lf (mH) Input filter inductance 0.8
Cf (μF) Input filter capacitance 30

vector. The cost function (17) is used for evaluating these ten
vectors and selecting the best one for actuation.

Considering the delay compensation technique suggested in
[38], the overall process of the proposed simplified FCS-MPC
for a matrix converter-fed PMSM can be summarized as follow-
ing steps:

Step 1: Measuring currents, voltages, and speed.
Step 2: Actuating the optimal switching state decided in pre-

vious control interval.
Step 3: Predicting the stator current and the input current for

the actuated switching state.
Step 4: Determining the desired voltage vector using (15).
Step 5: Selecting three active vectors through lookup

Tables II and III.
Step 6: Predicting the input reactive power for the three ac-

tive vectors, six rotating vectors, and a zero vector
using (12) and (13).

Step 7: Evaluating the cost function (17) and determining
the optimal switching state.

V. EXPERIMENTAL RESULTS

The proposed simplified FCS-MPC method has been imple-
mented experimentally for a matrix converter-fed 1-kW PMSM
and its performance is evaluated and compared with the con-
ventional FCS-MPC method.

The matrix involves 18 insulated-gate bipolar transistors
(IXDN 25N120D1) in common emitter configuration. The ma-
trix converter has been connected to the grid voltage through a
variac and an input LC filter. A protection clamp circuit has been
paralleled with the matrix converter. This clamp circuit consists
of input and output diode bridges with 12 fast-recovery diodes,
an electrolytic capacitor, and a resistor to discharge the capac-
itor. An induction machine driven by a Danfoss VLT FC-302
3.0 kW inverter has been used as a load for PMSM. The param-
eters of the PMSM and input filter are listed in Table IV.

The control algorithms have been implemented in C code by
using a digital signal processor (DSP) model TMS320F2812.

The results are presented for three algorithms including con-
ventional FCS-MPC, simplified FCS-MPC with evaluation of
25 switching states, and further simplified FCS-MPC with eval-
uation of ten switching states.

A. Investigation of Dynamic Behavior

The dynamic behavior of the system during a speed rever-
sal, where the reference speed changes from 2000 to −2000
r/min, is shown in Figs. 3, 4, and 5, for conventional FCS-
MPC, simplified FCS-MPC, and further simplified FCS-MPC,
respectively. These experimentations show performances of the
methods at different operating points. The sampling time for the
three methods is Ts = 60μs. The reference of input reactive
power Q∗ in the cost functions (14) and (17) is set to 0 to have
a unity power factor in the input side. It can be observed that all
the three methods have good performances regarding the input
and output side control objectives. The methods present smooth
tracking of reference speed and sinusoidal motor current with
its frequency being proportional to the rotor speed. Regarding
the input side, in the all three methods the input current has a
sinusoidal waveform which is achieved by the control of the
input reactive power. It can be observed that the source current
is in phase with the source voltage for the duration of motoring
operation. However, reduction of the speed during the speed
reversal decreases the kinetic energy and demands the drive to
regenerate energy. In this case, sinusoidal input currents with π
rad phase shift with the phase voltage causes the energy flows
from the motor to the source (regenerating mode).

B. Investigation of Steady-State Behavior

The steady-state performances of the system with conven-
tional algorithm and the proposed simplified algorithms are in-
vestigated and the results are presented in Fig. 6. For the all three
methods, the motor operates at rated speed (2000 r/min) with a
full load (4.7 Nm) and the sampling time is Ts = 60μs. It is
shown that the methods work very well and accomplish smooth
speed and sinusoidal motor current. The total harmonic dis-
tortion (THD) of motor current is 1.82% for conventional FCS-
MPC and it is 1.81% and 1.86% for the simplified FCS-MPC and
further simplified FCS-MPC methods, respectively. Concerning
the input side variables, as a result of reactive power control with
Q∗ = 0 in the cost functions, the input reactive power is close to
zero and the input current has sinusoidal wave form with low rip-
ple and is synchronized with the related source phase voltage, re-
sulting in unity power factor. The THD of input current is 4.54%
for conventional FCS-MPC and it is 4.7% and 5.5% for the sim-
plified FCS-MPC and further simplified FCS-MPC methods.

It is worth mentioning that the running time for execution
of each algorithm is different. The average execution times of
the three algorithms are presented and compared in Table V.
In the simplified FCS-MPC, 25 calculations of current predic-
tion are avoided in comparison with conventional FCS-MPC.
So, the execution time is reduced considerably. In further sim-
plified FCS-MPC, with reducing candidate switching states for
prediction and evaluation in the cost function, from 25 to 10,
the execution time of the algorithm is reduced more. It should
be noted that the election of candidate switching states requires
extra calculations. However, the required time for these calcula-
tions is much less than the time decreased in the prediction and
evaluation steps.
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Fig. 3. Experimental performance of the conventional FCS-MPC during a full-speed reversal maneuver.

Fig. 4. Experimental performance of the simplified FCS-MPC with evaluation of 25 switching states during a full-speed reversal maneuver.

Fig. 5. Experimental performance of the further simplified FCS-MPC with evaluation of ten switching states during a full-speed reversal maneuver.

Considering the required execution time, the sampling time
for conventional FCS-MPC cannot be much less than 60 μs. But,
it is possible to reduce the sampling time for simplified FCS-
MPC algorithms. The sampling time can be set to 48 μs for
simplified FCS-MPC with evaluation of 25 switching states and
it can be set to 28 μs when only 10 switching states are evaluated.

The steady-state performances of the system for simplified FCS-
MPC with Ts = 48μs and for further simplified FCS-MPC
with Ts = 28μs are presented in Figs. 7 and 8, respectively.
The THD of stator current is 1.6% and 0.9% for Figs. 7 and 8,
respectively. The THD of input current is 3.15% and 2.86% for
Figs. 7 and 8, respectively.
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Fig. 6. Experimental steady-state performance of the system with Ts =
60 μs. (a) Conventional FCS-MPC, (b) simplified FCS-MPC, and (c) further
simplified FCS-MPC.

TABLE V
COMPARISON OF AVERAGE EXECUTION TIMES OF THE CONVENTIONAL

FCS-MPC AND SIMPLIFIED FCS-MPC

Task Execution Time (μs)

Conventional Simplified Further simplified
FCS-MPC FCS-MPC FCS-MPC

Measurement and initial
calculations

6.09 6.4 6.4

Selection of candidate
switching states

0 0 2.65

Prediction and evaluation 50.2 37.46 14.55
Total 56.29 43.86 23.6

Fig. 7. Experimental steady-state performance of the simplified FCS-MPC
with Ts = 48 μs.

Fig. 8. Experimental steady-state performance of the further simplified FCS-
MPC with Ts = 28 μs.

TABLE VI
AVERAGE SWITCHING FREQUENCY FOR FIGS. 6–8

Sampling Time (μs) Average Switching Frequency (kHz)

Conventional Simplified Further simplified
FCS-MPC FCS-MPC FCS-MPC

60 1.61 1.61 1.6
48 – 1.96 –
28 – – 3.18

C. Investigation of Switching Frequency

The average switching frequencies for Figs. 6–8 have been
presented in Table VI. It is should be noted that in these tests
there is no switching frequency penalization term in the cor-
responding cost function. It is seen that for Ts = 60μs the
average switching frequencies are similar for conventional and
the simplified FCS-MPC with evaluation of 25 switching states;
however, the average switching frequency is bit higher for the
further simplified FCS-MPC with evaluation of 10 switching
states. Reducing the sampling time for the proposed simplified
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TABLE VII
MEASURED RESULTS WITH AND WITHOUT PENALIZING SWITCHING

FREQUENCY

Sample Variable Conventional Simplified Further
time (μs) FCS-MPC FCS-MPC simplified

FCS-MPC

ksw

0 0.19 0 24 0 38

65 THD_io (%) 1.91 1.97 1.91 1.98 2.04 2.1
THD_is (%) 4.79 5.75 4.8 5.74 6.1 7.17

Switching frequency (kHz) 1.48 1.26 1.49 1.27 1.46 1.27
53 THD_io (%) – – 1.78 1.86 – –

THD_is (%) – – 3.33 3.83 – –
Switching frequency (kHz) – – 1.8 1.53 – –

30 THD_io (%) – – – – 0.93 0.97
THD_is (%) – – – – 2.9 3.28

Switching frequency (kHz) – – – – 2.96 2.4

methods results in increase of average switching frequencies of
these methods, as presented in Table VI.

As mentioned previously, for Figs. 6–8, the switching fre-
quency reduction was not considered in the algorithms.

However, this goal can be easily achieved in FCS-MPC by
assigning a cost to switching states that involve a higher number
of commutations [39], [40]. For this purpose, the cost functions
(14) and (17), respectively, change to

CFsw =
∣
∣
∣i∗o(k) − io|sw

∣
∣
∣+ kQ |Q∗ − Qsw (k + 1)| + ksf · nsw

(19)

CFsw =
∣
∣
∣v∗

o(k) − vo|sw
∣
∣
∣+ kQ |Q∗ − Qsw (k + 1)| + ksf · nsw

(20)

where n is the number of commutations imposed by the switch-
ing state under evaluation (sw), and ksf is a weighting factor. The
calculation of the number of commutations in the application of
each switching state is easy and straightforward. The number
of the commutations can be simply determined through a table
containing the value of n (number of commutations) between
each combination of the possible switching states of the matrix
converter. The rows of this table denote the switching state un-
der evaluation and the columns denote the previous switching
state. Thus, implementation of this procedure in a DSP is very
easy. It is worth mentioning that these calculations increase the
execution time of the algorithms to 60.92, 48.48, and 25.51 μs
for conventional FCS-MPC, simplified FCS-MPC, and further
simplified FCS-MPC. Therefore, setting the sampling time to
65 μs provides enough time for completing the conventional
FCS-MPC algorithm. However, it is possible to set shorter sam-
pling times of 53 and 30 μs for the simplified FCS-MPC and
further simplified FSC-MPC. A summary of measured results
has been presented in Table VII. It is possible to observe that pe-
nalizing the switching frequency in the cost functions achieves
lower switching frequencies, but, presents a higher amount dis-
tortion in motor and source currents.

VI. CONCLUSION

A simplified FCS-MPC method for a matrix converter-fed
PMSM has been proposed in this paper to reduce the calcu-
lations efforts imposed by the conventional FCS-MPC. This
simplification is done through two main changes in conven-
tional FCS-MPC: 1) avoiding motor current predictions: and
2) reducing the candidate switching states for prediction and
evaluation. The first change helps the method to skip the 25
current predictions and the second change reduces the 25 pre-
dictions of reactive power and 25 evaluations of the cost function
to 10 predictions of reactive power and 10 evaluations of the cost
function. It has been shown through the experimental tests that
the proposed approach can significantly reduce the execution
time of the FCS-MPC algorithm, while the performance of the
proposed simplified FCS-MPC is very similar to conventional
FCS-MPC. Furthermore, the lower execution time makes it pos-
sible to reduce the sampling time which improves the behavior
of the control objectives, i.e., a lower THD for stator current and
input current.
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