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Abstract: This study presents a model predictive control (MPC) considering transformer DC magnetic bias for a reduced matrix con-
verter (RMC). The control scheme selects the switching state that minimises the error in the output current and input instantaneous
reactive according to their reference values; furthermore, the pulse sequence in MPC has been re-distributed to suppress the DC mag-
netic bias in transformer for RMC. MPC also presents stronger immunity to the influence of abnormal input voltage than bipolar space
vector modulation strategy. Moreover, the simple performance comparison between RMC and pulse-width modulated rectifier + dual
active bridge was provided. The feasibility and validity of the proposed control scheme in an RMC has been verified by simulation
results.
1 Introduction
Matrix converter (MC) offers an ‘all silicon solution’ for direct
power converter; reduced matrix converter (RMC) originating
from MC is one new type topology in power electronic converters
in the past decade. RMC has all good advantages of MC, but avoids
its some drawbacks, such as electrical isolation between the input
power and load, and low-voltage transfer ratio. RMC has attracted
plenty of attention and great potential application in the field of
power electronics such as switching power supply, wind power
generation, high-voltage direct current (DC) transmission, and so
on [1, 2].

The main control algorithm of RMC is bipolar space vector
modulation strategy (B-C-SVM), RMC controlled by this strat-
egy outputs high-frequency positive and negative pulse voltage
in the DC-link. However, the input and output currents are
easily disturbed since this strategy is equivalent to an open-loop
control method [3–5]. Model predictive control (MPC) has been
reported as a promising control scheme due to its advantages
over traditional linear controllers, such as fast dynamic
responses, easy inclusion of non-linearities and system con-
straints, strong disturbance resistibility, and the fact that no
modulators are needed [6].

Recently, it has been successfully applied to the control of invert-
er, pulse-width modulated (PWM) rectifier, and MC topology [7–
9]. As a new topology in RMC, the current research work in
RMC is mainly focused on modulation strategy, efficiency, and per-
formance comparison [1–5]. The MPC is not applied to RMC
according to the existing literatures.

This paper firstly introduces MPC to RMC topology; further-
more, the MPC has been improved in terms of pulse sequence dis-
tributing to solve the problem of DC magnetic bias in transformer
for this topology. The simple comparison between RMC and the
other topology with the same performance named PRDAB
(PWM rectifier + dual active bridge) was provided.
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2 Methodology

2.1 Topological structure of RMC

The conventional converter for three-phase AC to an alternated DC
consists of PRDAB shown in Fig. 1a. The schematic diagram of
power flow for PRDAB is shown in Fig. 1b.

The topology of RMC is shown in Fig. 2a; it consists of five
parts: input power, input filter, RMC rectifier stage, high-frequency
transformer, controlled rectifier bridge, and load, without any bulky
capacitor in DC-link [5]. The RMC rectifier stage realises power
conversion from the three-phase AC voltage to the high-frequency
pulse voltage. The high-frequency transformer plays a role of elec-
trical isolation and voltage regulation. The controlled rectifier
bridge realises power conversion from the high-frequency pulse
voltage to DC voltage.

Comparing with the two topologies, the DC-link energy
storage element of PRDAB has a relatively large physical
volume compared with the total converter volume [10].
However, the power unit for switch number is only two differ-
ences (14 for PRDAB, 16 for RMC); thus, the power density
of RMC is higher than PRDAB. How long time a system work
depend on lifetime of devices. Assuming that the lifetime of
the switches in the two topologies is the same, the lifetime of
energy storage capacitor is short, which is the key factor of
system lifetime [11]; thus, the lifetime of RMC without
DC-link capacitor is longer than PRDAB. The value of input in-
ductance in PRDAB is larger than the value of input inductor in
RMC [12]. The large filter inductance will affect the system con-
version efficiency. There are zero vectors with making a soft-
switch function in the modulation strategy of RMC.
Furthermore, seen from Figs. 1b and 2b, the stage of power
converter in RMC with two stage is less than converter stage
in PRDAB with three stage; thus, the efficiency of RMC is
higher than PRDAB. The results of the comparative evaluation
are compiled in Table 1.
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Table 1 Comparisons of two topologies

PRBDAB RMC

DC-link energy storage capacitor no yes
value of input filter inductor large small
high-frequency transformers yes yes
number of switching tubes 14 16
bidirectional flow of energy yes yes
power density normal high
soft-switch no yes
efficiency normal high
lifetime normal long

Fig. 1 PWM rectifier + dual active bridge
a The topology of PRDAB
b Schematic diagram of PRDAB

Fig. 2 Reduced matrix converter
a The topology of RMC
b Schematic diagram of RMC

Fig. 3 Block diagram of system control

Fig. 4 Input filter circuit
2.2 MPC for RMC with eliminating transformer bias magnet

MPC with transformer DC magnetic bias suppression in an RMC is
based on the mathematical model and differential constraints of the
system. Using the known amount of states, the input and output cur-
rents can be predicted by combining all possible switching states in
one sampling period. According to the quality function, the optimal
switching state has been selected to make the target variable of the
next sampling time be forced to follow the reference value [8, 9,
13]. The block diagram of the system control is shown in Fig. 3.
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Also, the main steps of this control method are listed as follows:

(i) establishing mathematical model of RMC;
(ii) building all possible switching states;
(iii) calculation of predicted values;
(iv) establishing the quality function;
(v) distributing switching states with transformer DC magnetic

bias suppression.

2.2.1 Establishing mathematical model of RMC: The input filter
circuit in RMC is shown in Fig. 4. Its mathematical model can be
expressed as follows:

Lf
dis
dt

= us − ue − Rf · is (1)

Cf
due
dt

= is − ie (2)

where us and is are the source-side voltage and current, respectively.
ue and ie are the input voltage and current of RMC rectifier stage,
respectively, Rf, Lf, and Cf are equivalent resistance, inductance,
and capacitor of the input filter.

The RMC rectifier stage circuit shown in Fig. 5 can be repre-
sented using:

udc = [ Sap − San Sbp − Sbn Scp − Scn ] · ue (3)

ie =
Sap − San
Sbp − Sbn
Scp − Scn

⎡
⎣

⎤
⎦ · idc (4)

where udc and idc are voltage and current of the high-frequency
transformer, respectively, and Sap, Sbp, Scp, San, Sbn, and Scn the
switching states of RMC rectifier stage.

The high-frequency transformer circuit shown in Fig. 6 can be
expressed as follows:

u1 = n∗udc (5)

idc = n∗i1 (6)
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Fig. 6 High-frequency transformer circuit

Fig. 5 RMC rectifier stage circuit

Table 3 Switching states of the controlled rectifier bridge

S1 S2 S3 S4 io

1 1 0 0 1 i1
2 0 1 1 0 −i1

Table 2 Switching states of RMC rectifier stage

Pulse sequence Udc Sap San Sbp Sbn Scp Scn

V1 Uab 1 0 0 1 0 0
V2 Uac 1 0 0 0 0 1
V3 Ubc 0 0 1 0 0 1
V4 Uba 0 1 1 0 0 0
V5 Uca 0 1 0 0 1 0
V6 Ucb 0 0 0 1 1 0
V7 Uaa 1 1 0 0 0 0
V8 Ubb 0 0 1 1 0 0
V9 Ucc 0 0 0 0 1 1
where n is the transformer ratio, u1 and i1 are the side voltage and
current of the high-frequency transformer, respectively.

The controlled rectifier bridge circuit shown in Fig. 7 can be
expressed as follows:

u0 = u1(S1 − S3) (7)

i0 = i1(S1 − S3) (8)

where S1 and S3 are switching states of the controlled rectifier
bridge, u0 and i0 the output voltage and current, respectively.

Similarly, mathematical model of the load voltage and current
(Fig. 8) can be described by (9), where Rl and Ll are the resistance
and inductance of the load, respectively

Ll
di0
dt

= u0 − Rl · i0 (9)

2.2.2 Switching states and their combinations: Since in any MC
topology, the input phases cannot be short circuit as well as the
load cannot be in an open circuit due to inductive nature. There
are nine switching states in three-phase rectifier bridge of RMC.
In order to improve the voltage transfer ratio, the three zero
vectors are removed.

Table 2 shows all the possible switching states generated by the
RMC rectifier stage. Similarly, Table 3 shows all the possible
Fig. 7 Controlled rectifier bridge circuit

Fig. 8 Load circuit
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switching states generated by the controlled rectifier bridge.
Owing to fewer conversion progressions, RMC has a total of 12
switch combinations.
2.2.3 Calculation of predicted values: The prediction of the input
currents of source-side and voltages of RMC rectifier stage are com-
puted from a first-order difference equation. They can be calculated
by representing (1) and (2) by a state-space system with state
variables i(k+1)

s and u(k+1)
e

uk+1
e

ik+1
s

[ ]
= C

uke

iks

[ ]
+ D

uks

ike

[ ]
(10)

where

C = C11 C12

C21 C22

[ ]
= eATs (11)

D = D11 D12

D21 D22

[ ]
= A−1(C − I2∗2)B (12)

A =
0

1

Cf

− 1

Lf
−Rf

Lf

⎡
⎢⎢⎣

⎤
⎥⎥⎦, B =

0 − 1

Cf

1

Lf
0

⎡
⎢⎢⎣

⎤
⎥⎥⎦ (13)

Similarly, the discrete output current equation can be obtained as
follows:

i(k+1)
o = Ts

L1
u(k)o + 1− R1Ts

L1

( )
i(k)o (14)
2.2.4 Establishing the quality function: The control objectives of
the method that has been proposed are input reactive power and
output currents. Therefore, two main conditions must be met as
follows [14, 15].

(i) The reactive power in source-side closes to zero.
(ii) The output currents follow the reference value with high

accuracy.
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The first condition is accomplished by minimising the predicted
instantaneous reactive power:

Dq(k+1)
in = 0− U (k+1)

sa I (k+1)
sb − U (k+1)

sb I (k+1)
sa

( )∣∣∣ ∣∣∣ (15)

where U (k+1)
sa , U (k+1)

sb , i(k+1)
sa , and i(k+1)

sb are the source-side voltage
Fig. 10 Equivalent circuit under opposite output voltage vector

Fig. 9 Diagram of RMC rectifier stage output voltage sequence
a Without bias suppression
b With bias suppression

Fig. 11 Simulink model of RMC
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and current at the next sampling time in aß coordinates,
respectively.

The second condition can be achieved through minimising the
output currents between the prediction and reference as follows:

DI (k+1)
0 = I∗0 − I (k+1)

0

∣∣∣ ∣∣∣ (16)

where I∗0 is the reference value and I (k+1)
0 the output current in the

next sampling time.
Fig. 14 Voltage of transformer primary side
a Voltage of transformer primary side without transformer DC magnetic bias
suppression
b Local amplification of voltage

Fig. 13 Output current and current reference value

Fig. 12 Voltage and current of source-side

Table 4 Simulation parameter

input filters Rf = 5 Ω; Lf = 1.4 mH; Cf = 21 μF

load Rl = 1 Ω; Ll = 10 mH
power supply 311 V/50 Hz
λ 0.005
current reference value t < 0.2 s:25 A t > 0.2 s:50 A
switching frequency 10 kHz
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Two requirements can be merged into a single quality function as
following, which is evaluated at every switching state:

g(k+1) = DI (k+1)
0 + lDq(k+1)

in (17)

where λ is a weighting factor, which is used to determine the im-
portance or priority between the output current and power factor.
The weighting factor is selected based on the evolution method in
terms of the error of input reactive power and output current track-
ing [16].

It is obvious that the control objectives in the quality function are
the output current and the reactive power on the grid side. We all
know that MPC has the characteristics of real-time receding
horizon optimisation. According to this characteristics of MPC,
the system can also guarantee the input unit power factor and the
output follow the reference even though in the operating condition
Fig. 15 Current of transformer primary side
a Current of transformer primary side without transformer DC magnetic bias
suppression
b Local amplification of current

Fig. 16 Voltage of transformer primary side
a Voltage of transformer primary side with transformer DC magnetic bias
treatment
b Local magnification of voltage

Fig. 17 Current of transformer primary side
a Current of transformer primary side with transformer DC magnetic bias
treatment
b Local magnification of current

Fig. 18 Diagrams of input voltage felled based on B-C-SVM
a Input voltages
b Input currents
c Voltage and current of A phase
d Output current

This is an open access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)

J. Eng., 2018, Vol. 2018, Iss. 13, pp. 642–649
doi: 10.1049/joe.2018.0036



of abnormal input voltage. This is what the existing modulation
strategy cannot do.
2.2.5 Distributing pulse sequence considering transformer DC
magnetic bias: There is a problem of DC magnetic bias in trans-
former for RMC topology due to uncertain random switching se-
quence in conventional MPC; thus, the pulse sequence in MPC
had to be re-distributed to suppress the transformer magnetic bias
[17, 18].
In a switch period Ts, the optimal switching states selected in a

conventional MPC with uncertain random switching sequence are
V1 and V2, then the diagram of the RMC rectifier stage output
voltage sequence is shown in Fig. 9a. There are all positive
voltage in transformer primary under this switch state selection
method, which would cause the problem of transformer DC mag-
netic bias.
It can be seen in Table 1 that there are two opposite output

voltage using different pulse sequence in RMC rectifier stage,
such as output voltage Uab in DC-link by using first pulse sequence
(V1) is opposite to the output voltage Uba by using fourth pulse se-
quence (V4) in Table 1, output voltage Uac by using second pulse
sequence (V2) is opposite to the output voltage Uca by using fifth
pulse sequence (V5). Thus, one cycle can be split to two equal
cycles. At the first equal cycle (Ts/2), the switching state (V1 and
V2) used is the optimal switching state selected by MPC without
transformer DC magnetic bias suppression. At the next equal
cycle (Ts/2), the switching state (V4 and V5) used is opposite to
optimal switching state (V1 and V2) as we can see in Table 1. So,
the two adjacent pulse sequences are distributed according to the
two opposite output voltage such as Uab and Uba, Uac and Uca as
shown in Fig. 9b. The equivalent circuit is shown in Fig. 10.
Fig. 19 Diagrams of input voltage felled based on MPC
a Input currents
b Voltage and current of A phase
c Output current
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Through this method of pulse sequence distributing, the transformer
magnetic bias in RMC topology can be effectively solved.

3 Results

Simulation are performed by using MATLAB R2010b/Simulink to
validate the proposed method. Fig. 11 shows the simulation model
of the proposed control method of MPC for RMC. Table 4 shows
the simulation parameter.

Fig. 12 shows the input phase voltage and current. It can be seen
that the input phase current is in phase with input voltage resulting
in high power factor. Fig. 13 shows the output current and its refer-
ence. Seen from Fig. 13, the output currents follow the reference
value with high accuracy. Moreover, it can also maintain good
dynamic performance when the current suddenly increases.

Figs. 14 and 15 show voltage and current of transformer primary
side by using conventional MPC in RMC without transformer DC
magnetic bias suppression. It can be seen that the voltage and
current are disorganised. This will lead to a problem of DC
Fig. 20 Diagrams of an unbalanced three-phase voltage based on
B-C-SVM
a Input voltages
b Input currents
c Voltage and current of A phase
d Output current
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magnetic bias in transformer for RMC topology using a convention-
al MPC.

Figs. 16 and 17 show voltage and current of transformer primary
side by using the proposed MPC with transformer DC magnetic
bias suppression. It can be found that voltage and current show a
positive or negative state. So, the transformer magnetic bias has
been effectively eliminated. The proposed control strategy is veri-
fied, too.

To further verify to be immune to abnormal input voltage of the
proposed method, the input voltage sag and unbalance are tested for
MPC and B-C-SVM in an RMC.

As shown in Fig. 18a, the three-phase input voltages decrease to
50% normal value at 0.1 s. Seen from Figs. 18–20, the system with
MPC is unit power factor and the output current follow the refer-
ence without error even though there is input voltage sag;
however, there output current decrease caused by input voltage in
a B-C-SVM system.

An unbalanced three-phase input voltage Us = [150 sin(100πt)
311 sin(100πt− 90°) 311 sin(100πt + 120°)] shown in Fig. 21a
was used to test the performance of B-C-SVM and MPC for
RMC. Seen from Fig. 21, under B-C-SVM, the input currents
have lost its sinusoidal characteristic, there is serious fluctuation
in the output current caused by unbalanced input voltage. Seen
from Fig. 21, the system with MPC is in unit power factor and
output current follow with reference even though there is an unba-
lanced set of input voltage.

Comparing with the input and output characteristics of RMC
controlled by MPC and B-C-SVM under abnormal operating con-
ditions, it is shown that the MPC in an RMC system present to
be strong immune to abnormal input voltage than B-C-SVM.
Fig. 21 Diagrams of an unbalanced three-phase voltage based on MPC
a Input currents
b Voltage and current of A phase
c Output current
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4 Conclusion

An effective method of MPC considering transformer DC magnetic
bias for an RMC has been proposed in this paper. The control
scheme selects the switching state that minimises the error in the
output current and input instantaneous reactive according to their
reference values; meanwhile, the pulse sequence in MPC has
been re-distributed to suppress the DC magnetic bias in transformer
for RMC; thus, the transformer magnetic bias has been effectively
eliminated without extra control circuit. Moreover, MPC also
presents stronger immunity to the influence of abnormal input
voltage than B-C-SVM. The system owns a good performance in
terms of input power factor and output current tracking using
the proposed method. The feasibility and validity of the
proposed control scheme in an RMC has been verified by simula-
tion results.
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