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1. Introduction

The matrix converter (MC) is an AC/AC type converter which
converts directly (without a DC voltage stage) alternating volt-
age to alternating voltage with variable amplitude and fre-
quency. The MC also allows for bidirectional electric energy
transfer with power factor correction [1].

An extensive review of MC control methods has been pre-
sented in [2], scalar methods [3], PWM/SVM [4], DTC [5] and
predictive control, among others. Predictive methods are used
in torque [6, 7] and current control [8]. The cost function at
predictive control could contain many parameters, which will
affect the shape of the currents, e.g. instantaneous grid reac-
tive power, current deviations, or common-mode voltage. Due
to the possibility of wide parameters selection in the cost func-
tion, increase signal processors computing power [9] and the
possibility of implementation of the predictive control in the
FPGA systems [10] interest in predictive control shows a sig-
nificant increase. The application of GaN HEMTs as a bidirec-
tional switch in the MC [11] facilitates switching frequency and
power density increase (however, the possibility of an increase
in power losses in reverse conduction mode of GaN HEMT
should be taken into account [12]).

2. Predictive input currents control based on
instantaneous reactive power (method I
– based on [13])

2.1. Model. The three-phase MC consists of 9 bidirectional
switches Si j, which connect each input phase with each output
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phase (Fig. 1). An LfCf lowpass filter with a damping resis-
tor Rd was used at the converter input. The converter has been
loaded with an RL circuit. An inseparable part of the MC is a
clamping circuit (Fig. 2), connected to the inputs and outputs of
the MC, which protects the converter against overvoltage from
grid or load side caused by wrong current direction detection
during the semi-soft commutation process or by unexpected in-
terruption of load current [1].

Fig. 1. Three-phase matrix converter with input filter Lf Cf and damp-
ing resistor Rd with RL load

To describe the relationship between input and output vari-
ables, instantaneous transfer matrices Si j and S′

i j are defined as

Si j =
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Fig. 2. Protective clamping circuit

An instantaneous transfer matrix Si j can have 27 different pos-
sible combinations [1] with respect to the following rules:
• Input phases cannot be shorted.
• Circuits of the output currents cannot be interrupted.

A S′
i j matrix is a modification of Si j needed for calculation. To

simplify the calculations, the following voltage and current ma-
trices are introduced:

is =




isA
isB
isC


, us =




usA

usB

usC


,

i =




iA
iB
iC


, u =




uA

uB

uC


,

(2)

io =




ioa

iob

ioc


, uo =




uoa

uob

uoc


, uo−pp =




uoab

uobc

uoca


. (3)

The relationship between the input/output currents and voltages
that make up the MC model is defined as follows:

i = ST
i j io , (4)

uo =
1
3




uoab − uoca

uobc − uoab

uoca − uobc


 ,

uo−pp =
(
Si j − S′

i j
)

u = Si j−ppu.

(5)

The scheme of MC predictive control is shown in Fig. 3. Pre-
dictive control relies on the calculation of 27 different possible

Fig. 3. Scheme of matrix converter predictive current control with in-
stantaneous reactive power prediction

errors of reactive power and errors of output currents in the next
sampling step k+1 based on selected measured values at the
moment k and reference output current value. For this purpose,
a discrete form of equation is used with a sampling period Tp.
Then, the modules of those errors are added together for each
state of instantaneous transfer matrix Si j and the cost function
selects the minimum value of that sum. That minimum value of
the sum corresponds to the 1 of 27 states of Si j, which will be
used.

To determine the values of the output currents at the moment
k+1, the voltage equation for the output circuit in the time form
could be written

uo(t) = Rio(t) + L
dio(t)

dt
, (6)

and the discrete form of this equation

uo(k + 1) + uo(k)

2
= R

io(k + 1) + io(k)

2
+

+ L
io(k + 1) − io(k)

Tp
. (7)

The discrete form for the moment k is obtained by using for-
ward Euler approximation

dio(t)
dt

≈ io(k + 1) − io(k)

Tp
, (8)

with a modification which includes that on current in the induc-
tor acts as a mean value of the voltage. Using Eq. (7) io(k+1) 
is obtained

io(k + 1) =
2Tp

2L + RTp

uo(k + 1) + uo(k)

2
+

−
2L − RTp

2L + RTp
io(k). (9)

Based on the above equation, 27 possible values of the out-
put current at k+1 can be determined. The values uo(k) and
uo(k+1) are calculated using Eqs. (5) and (16).

To determine the reactive power at k+1, the following equa-
tion is used, in which the currents and voltages of the network
have been transferred to the αβ stationary system

qs(k+1) = usα(k+1)isβ (k+1) − usβ (k+1)isα(k+1). (10)

The voltage us(k + 1) was estimated using Lagrange interpola-
tion [13], because it is a slow-changing waveform in relation to
the sampling time. To determine the grid currents at k+1, the
voltage and current equation of the input circuit was used as
state space model




du(t)
dt

diL f (t)

dt

0




= Ac




u(t)

iL f (t)

0


 + Bc




us(t)

i(t)

iRd (t)


 , (11)
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where
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0
1

Cf
0

− 1
Lf

0 0

1
Rd

0 0




, Bc =




0 − 1
Cf

1
Cf

1
Lf

0 0

− 1
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0 1




. (12)

The zero-order hold (ZOH) discrete form is




u(k+1)

iL f (k+1)

0


 = Ad




u(k)

iL f (k)

0


 + Bd




us(k)

i(k)

iRd (k)


 , (13)

and the Ad and the Bd was obtained by using second-order ap-
proximation of the exact solution

Ad = I + AcTp +
A2

cT 2
p

2
, Bd =

(
TpI +

AcT 2
p

2

)
Bc . (14)

From (13), (4) and (5) we can obtain

iL f (k + 1) = n1u(k) + n2iL f (k) + n3us(k) + n4ST
i jio(k)+

+ n5iRd (k), (15)

u(k + 1) = m1u(k) + m2iL f (k) + m3us(k) + m4ST
i jio(k)+

+ m5iRd (k). (16)

where n1÷n5 and m1÷m5 are coefficients whose values result
from the above transformations. The damping resistor current
iRd at k+1 is calculated using the equation below

iRd (k + 1) =
us(k + 1) − u(k + 1)

Rd
. (17)

The source current is is the sum of iL f and iRd so

is(k + 1) = iRd (k + 1) + iL f (k + 1). (18)

Having derived the final form for the grid current in the next
step (18), now its value can be calculated for 27 different com-
binations and as a result it is possible to calculate 27 reactive
power values at the moment k+1.

The cost function takes the following form

J = ∆io(k + 1) + w∆qs(k +1), (19)

where

∆io(k + 1) = |i∗o − io(k + 1)| , (20)

∆qs(k + 1) = |q∗
s − qs(k + 1)| , (21)

w is the reactive power weighting factor expressed in V−1 units,
and i∗o is the matrix 3 × 1 with reference sinusoidal output cur-
rents with amplitude I∗

om, while q∗
s is the reference reactive

power of the grid.

2.2. Simulation studies. In order to verify the predictive
current control presented in the previous section, simulation
tests were performed in the Matlab/Simulink environment with
PSpice SLPS interface, which enabled use of the real model of
the GS66506T transistor. The parameters of the tested system
are in Table 1. The input filter uses a damping resistor Rd , con-
nected in parallel to the Lf choke, suppressing the resonance
frequency of the LfCf filter. The 4-step current commutation
method has been used with 200 ns dead time. The simulation
was performed with RL load.

Table 1
Matrix converter parameters with RL load and LC input filter

Parameter name Symbol Value

Filtering choke L f 300 µH

Filtering capacitor Cf 30 µF

Filter resonance frequency (L fCf ) fr 1.6 kHz

Damping resistor Rd 9 Ω

Load resistor R 5.6 Ω

Load choke L 3.5 mH

Sampling time Tp 10 µs

RMS of grid voltage Us 230 V

Frequency of grid voltage fs 50 Hz

Drain to source resistance of GS66506T
at on state

RDS(on) 67 mΩ

Fig. 4 presents output voltage and output current of phase a
waveforms as well as phase A grid voltage and current wave-
forms during a converter operation with the reference output
current amplitude I∗

om = 15 A at frequency f ∗
o = 30 Hz, refer-

ence reactive power q∗
s = 0 var and a weighting factor w equals

0 V−1. The output current waveform is shaped as intended –
due to proper prediction THD of ioa current equals 1.29%. By
zeroing the weighting factor, reactive power control is disabled,
which can be seen from the distorted current waveform. The
average switching frequency in this case was about 41.1 kHz
(while the maximum switching frequency, resulting from the
sampling time is 100 kHz), and the converter efficiency (includ-
ing input filter and clamping circuit) was 94.3%.

Fig. 5 shows the same waveforms, but the reactive power
weighting factor has been changed to 0.01 V−1. That value
was initially estimated based on the ratio of current to re-
active power q = 3Umi = 3

√
2Urmsi = 3

√
2 · 230 i ≈ 976i →

→ w =
i
q

≈ 0.001 V−1. Then the optimal value of the w fac-

tor, from the current THD point of view, was determined ex-
perimentally. It can be seen that the correct selection of the
weighting factor ensured an almost sinusoidal mains current in
the phase with mains voltage, so the system compensates re-
active power. The THD of ioa current equals 1.98% and THD
of isA current equals 6.17%. In this case, the average switch-
ing frequency increased to about 59.95 kHz. The converter effi-
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Fig. 4. MC waveforms during work with: I∗
om = 15 A, q∗

s = 0 var, w = 0 V−1, f ∗
o = 30 Hz

Fig. 5. MC waveforms during work with: I∗
om = 15 A, q∗

s = 0 var, w = 0.01 V−1, f ∗
o = 30 Hz

ciency was up to 94.4%, so increase in switching frequency by
18.85 kHz did not cause a significant change in the converter
efficiency.

Figs. 6, 7 and 8 present waveforms of mains currents and
voltages, output currents for the reference value of output cur-
rent I∗

om = 15 A, reference reactive power q∗
s = 0 var for the fre-

quency f ∗
o : 30 Hz, 50 Hz and 70 Hz. The change in frequency

from 30 Hz to 50 Hz resulted in a decrease in the total harmonic
distortion ratio THD of isA current from 6.17% to 5.23%, but at
70 Hz the THD was equal to 6.14%. The THD of ioa current
was 1.98%, 1.84% and 1.94% for 30 Hz, 50 Hz and 70 Hz,
respectively.
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Fig. 6. MC waveforms during work with: I∗
om = 15 A, q∗

s = 0 var, w = 0.01 V−1, f ∗
o = 30 Hz

Fig. 7. MC waveforms during work with: I∗
om = 15 A, q∗

s = 0 var, w = 0.01 V−1, f ∗
o = 50 Hz

Fig. 8. MC waveforms during work with: I∗
om = 15 A, q∗

s = 0 var, w = 0.01 V−1, f ∗
o = 70 Hz

3. Predictive input currents control based on
active power (method II)

3.1. Model. Another method which was investigated during
the research is a prediction of reference input currents based on
load active power calculation. The reference RMS value of the

input currents is calculated as follows

I∗
s =

RI∗2
o

Us cosϕ∗η
, (22)

where Ps is the active power of the three-phase load, I∗
o is the

RMS value of reference output current, η is the MC efficiency

Bull. Pol. Ac.: Tech. 68(5) 2020 5
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which is variable and depends on the load power Pload and the
effective switching frequency fsw. The instantaneous reference
values of input currents are shaped as a sinus function with in-
put voltage phase angle, e.g. for phase A the reference current
is calculated based on the following equation

i∗sA(t + Tp) =
√

2I∗
s sin [ωs(t + Tp) − ϕ∗] , (23)

where ωs is the pulsation of the phase A grid voltage and the ϕ∗

is the reference angle between the reference grid current and the
grid voltage, to regulate the grid reactive power. The scheme of
this control is present in Fig. 9.

Fig. 9. Scheme of matrix converter predictive curent control based on
active power of the load

Due to the change of reference parameter, the cost function
has also changed to

Jis = ∆io(k + 1) + wis∆is(k + 1), (24)

Fig. 10. MC waveforms with predictive input currents control based on active power: I∗
om = 15 A, ϕ∗ = 0 rad/s, wis = 2, η = 0.94 and f ∗

o = 30 Hz

where
∆is(k + 1) = |i∗s (k + 1) − is(k + 1)| , (25)

and the wis is the weighting factor of ∆is(k +1). The rest of the
calculation is the same as in the first method.

3.2. Simulation studies. The simulation was performed with
identical system parameters as in the first method (Table 1) and
for: I∗

o = 15 A, ϕ∗ = 0 rad/s, wis = 2, η = 0.94 and f ∗
o = 30 Hz.

The results are presented in Fig. 10. In comparison to the first
method, the THD of phase A grid current isA is 2.06% lower
and equals 4.11%. The THD of ioa current is similar and equals
1.93%. It could be seen that the oscilations caused by resonance
frequency of input filter are much smaller. The average switch-
ing frequency in that case increases by about approximately
3.14 kHz in reference to method I and equals 63.09 kHz.

4. Methods comparison

The assessment of method II has been done in reference to
method I and the following criteria:
1. Complexity of control implementation.
2. Complexity of weighting factor selection.
3. Sampling frequency.
4. Switching frequency.
5. THD of input current.
6. THD of output current.
7. Filter resonance frequency immunity.
8. Dynamic response to a current and frequency step change.
9. Reactive power control.

6 Bull. Pol. Ac.: Tech. 68(5) 2020
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Fig. 11a presents the waveforms of MC during work with ref-
erence reactive power q∗

s = 700 var for method I. For method II
(Fig. 11b) the phase angle ϕ∗ = 0.354 rad/s (the value of this
angle corresponds to 700 var). It can be seen that both meth-
ods facilitate reactive power control and simultaneously control
the sinusoidal grid and load currents. There is a difference with
setting up the value of reference reactive power. To control re-
active power using method I, it is enough to insert q∗

s different
from zero, but for method II it is necessary to calculate reac-
tive power into the phase shift between the phase grid voltage
and phase grid current and set the reference phase angle ϕ∗, but
that could be easily modified by taking into account the relation
between the reactive power and phase angle.

Fig. 11. MC waveforms with predictive input currents control based on: a) reactive power (method I) with: I∗
om = 15 A, Q∗ = 700 var,

w = 0.01 V−1 and f ∗
o = 30 Hz; b) active power (method II) with: I∗

om = 15 A, ϕ∗ = 0.354 rad/s, wis = 2, η = 0.94 and f ∗
o = 30 Hz

Fig. 12. MC waveforms during output current freqency step from 30 Hz to 70 Hz at 0.035 s: a) method I with: I∗
om = 15 A, Q∗ = 0 var,

w = 0.01 V−1 and f ∗
o = 30 Hz; b) method II with: I∗

om = 15 A, ϕ∗ = 0 rad/s, wis = 2, η = 0.94 and f ∗
o = 30 Hz

To compare the methods in dynamic state, an output current
frequency and amplitude step was performed, shown in Figs. 12
and 13. During the frequency step from 30 Hz to 70 Hz there
are no differences between method I and II. Output currents
changed the frequency smoothly at a similar time, without dis-
turbing grid currents. The difference between presented meth-
ods can be seen during the output current amplitude step from
15 A to −15 A. Method I changed the amplitude in 0.4 ms, but
the grid currents have been distorted. Method II made this step
twice as slow – in 0.8 ms, but the grid currents have not been
affected.

The assessment is summarized in Table 2. The main weak-
nesses of method II in reference to method I is slower response
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are no differences between method I and II. Output currents
changed the frequency smoothly at a similar time, without dis-
turbing grid currents. The difference between presented meth-
ods can be seen during the output current amplitude step from
15 A to −15 A. Method I changed the amplitude in 0.4 ms, but
the grid currents have been distorted. Method II made this step
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Fig. 13. MC waveforms during output current amplitude step from 15 A to −15 A at 0.035 s: a) method I with: I∗
om = 15 A, Q∗ = 0 var,

w = 0.01 V−1 and f ∗
o = 30 Hz; b) method II with: I∗

om = 15 A, ϕ∗ = 0 rad/s, wis = 2, η = 0.94 and f ∗
o = 30 Hz

Table 2
Assessment of method II in reference to method I

Complexity
of control

implementation

Complexity
of weighting

factor selection

Switching
frequency

THD
of input
current

THD
of output
current

Resonance
frequency
immunity

Reactive
power control

Current
step

Frequency
step

Method II lowest lowest similar better similar better similar
slower, but does

not cause distortion
of the grid current

similar

to output current amplitude step. Another disadvantage could
be the sensitivity to efficiency changes. Despite this, method II
is more attractive for less dynamic loads because of the lowest
complexity of control implementation and weighting factor se-
lection, better THD of grid currents and immunity to filter reso-
nance frequency. In other analyzed properties, i.e. the switching
frequency and THD of output current, reactive power control
method II was similar to method I.

5. Summary

Simulation tests and analysis of matrix converter operation with
predictive current control for both methods confirmed the ef-
fectiveness of these control methods. The first method, which
was based on reactive power had a higher THD than the second
method, which is based on active power. It should be noted,
however, that despite the use of a damping resistor in the in-
put filter in mains current waveforms, current oscillations can
be seen at the filter resonance frequency for the first method.
Therefore, the first method requires introducing some modifi-
cations, e.g. using the active damping method, to reduce more
effectively occurring oscillations or adding another parameter
to the cost function. While with the second method, the THD
of isA current could drop down to 4.11%. The weighting factor
was selected based on the minimum THD factor of the mains
current. The use of GaN HEMT as bidirectional switches fa-
cilitates operation with a high switching frequency, simultane-

ously improves the quality of shaped currents, while the system
maintains high efficiency due to very low connection losses.
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