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Abstract—In this paper, the modulated model predictive
control (M2PC) of a cascaded transformer multilevel inverter
(CTMI) is considered and designed to regulate the load current.
The future value of the load current is obtained from a discrete-
time model of the system. A five-level load voltage can be
achieved. The M2PC preserves the advantages of conventional
model predictive control and, due to the modulator based on
space vector modulation, this technique uses a fixed switching
frequency, minimizing the harmonic distortion of voltage and
current and decreasing the switching losses. However, the voltages
waveform at primary side may have a DC-component that leads
to core saturation of the transformer. In order to eliminate the
DC components and reduce the complexity of the controller, the
cost function is calculated for a set of preselected vectors of
the system. Finally, the performance of the predictive control is
verified by both simulation and experimental results.

Keywords – cascaded transformer multilevel inverter,
model predictive control, modulated model predictive con-
trol.

I. INTRODUCTION

The most popular multilevel inverter topologies are diode
clamped (NPC), flying capacitors (FCs) and cascaded H-
bridge (CHB) converter with separate DC-sources. Multi-
level topologies have a number of advantages, such as low
dv/dt stress on switches, reduced electromagnetic interference
(EMI), lower switching losses, lower harmonic distortion,
and higher power quality [1]–[3]. The cascaded H-bridge
(CHB) multilevel inverter is well known, being widely used
in industrial applications, such as synchronous motors and
power generation plants. This happens because the CHB
converter has as advantages a simple control strategy and
requires a lower number of semiconductor devices to generate
a particular number of levels when compared to the other
structures. However, the CHB converter needs several isolated
DC-link sources [1]–[3].

This problem can be solved by employing Cascaded Trans-
former Multilevel Inverter (CTMI). It consists of H-bridge
converters connected to the primary winding of low-frequency
transformers, while the secondary windings are connected in
series. Different from CHB inverter, the CTMI needs only
one DC-link source [2]. Also, In applications such as photo-
voltaic panels and dynamic voltage restorer (DVR) an isolation
transformer is required. Then, besides ensuring a galvanic
isolation between load and converter, the transformers can

minimize leakage current in photovoltaic systems. In addition,
the leakage inductances of the transformers can be used as
a current filter without the need for an extra filter or can
minimize the size of the filter.

An important topic in power electronics is the converter
control technique. Different control techniques have been
proposed and studied in the technical literature. Among the
several control methods applied in power electronics, the
following stand out: fuzzy control, sliding mode control and
predictive control. The Model Predictive Control (MPC) is one
of the most popular control system applied in engineering.
The MPC is a feedback control that uses the system model
to predict the future behavior of the variables under control
[4]–[7]. Some MPC advantages are good dynamic response
and possibility of incorporating multiple control objectives. A
disadvantage of predictive control is a high computational cost.
However, the development of powerful microprocessors and
field-programmable gate arrays (FPGAs) have made possible
the application of MPC in power electronics [8], [9].

Recent studies have led to a variation of the MPC method,
called Modulated Model Predictive Control (M2PC), with the
inclusion of a modulation system. This variation aims to
improve the system performance in terms of power quality
while maintaining the advantages of traditional MPC [10],
[11]. This technique has been applied for the control of three-
phase converter [11], shunt active power filter [12], permanent
magnet machine [10] and Multilevel AC/AC Converter [13]. In
[11] the M2PC is applied to the current control of a three-phase
rectifier. In this paper the Space vector modulation (SVM) has
been adopted as modulator, which guarantees a fixed switching
frequency, as also reduced harmonic distortion and switching
losses when compared to traditional MPC.

In this paper, the current control of a cascaded transformer
multilevel inverter using the modulated model predictive con-
trol (M2PC) is considered. The CTMI uses two H-bridge
inverters with two cascaded transformers and only one sin-
gle DC-link voltage source. The primary windings of the
transformers are connected to inverters, while the secondary
windings are connected to the load. Cascaded transformer mul-
tilevel inverter generates a load voltage with five-level when
identical transformer ratios are used. The M2PC preserves the
advantages of conventional model predictive control method
and, due to modulator based on space vector modulation, this



technique uses a fixed switching frequency, minimizes the
harmonic distortion of the voltage and current and, decreases
the switching losses. Regardless to the voltages waveform at
primary side, they can present a DC-component that leads
to transformer core saturation. Aiming to eliminate DC com-
ponents and reduce controller complexity, preselected system
vectors are used in the cost function calculation. Simulation
and experimental results validate the predictive current control
performance applied to the cascaded transformer multilevel
inverter.

II. SYSTEM MODEL

The CTMI analyzed here consists of a single DC-link
voltage, two low frequency transformers, and two full-bridge
converters, as shown in Fig. 1(a). From Fig. 1(a), the basic
module of the full-bridge converter is connected to a low-
frequency transformer. Assuming that the transformer ratio is
na:nb, where na (Na2/Na1) is the transformer ratio of the
transformer Ta and nb (Nb2/Nb1) is the transformer ratio
of the transformer Tb. In the relation 1:1, the transformers
have an identical transformer ratio, being called as symmetric
topology.
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Fig. 1. (a) CTMI configuration. (b) CTMI equivalent circuit.

The model of converter shown in Fig. 1(a) is given by:

va = v10 − v20 (1)
vb = v30 − v40 (2)

where va and vb are the converter voltages, v10 to v40 are the
pole voltages.

At the load side, the equivalent model is shown in Fig.
1(b). A simplified transformer model was used, in which the
magnetizing branch was neglected, due to its low impact on
the system model, and the primary inductance of the trans-
former can be transferred to the secondary side, so that, the
two inductances can be represented as an equivalent leakage
inductance at the secondary side. From Fig. 1(b) the following
equations can be derived

nava + nbvb = (ra + rb + rl)il + (la + lb + ll)
dil
dt

(3)

where ra and rb represent the equivalent resistance of the
transformers Ta and Tb, respectively, la and lb represent the
equivalent leakage inductance of the transformers Ta and Tb,
respectively, rl and ll represent the resistance and inductance
of the load and il is the load current.

In this way the load current dynamics can be described by
an equivalent equation

vl = Ril + L
dil
dt

(4)

where vl = nava+nbvb, R = ra+rb+rl and L = la+ lb+ ll.
From (1) and (2), it is possible to write the converter

voltages as a function of the switching states and the DC-link
voltage, that is

va = (q1 − q2)E (5)
vb = (q3 − q4)E (6)

where q1 to q4 are the state of the switches of the cascaded
transformer multilevel inverter and E is the DC-link voltage.
There are sixteen possible switching states for CTMI and using
the transformer ratio 1:1 is possible to achieve multilevel load
voltage with five-level, as shown in Table I.

TABLE I
SWITCHING STATES AND OUTPUT LOAD VOLTAGE FOR TRANSFORMER

RATIO 1:1.

Switching State Transformer voltages Output load voltages
q1 q2 q3 q4 va vb vl(na : nb = 1 : 1)
0 0 0 0 0 0 0
0 0 0 1 0 -E -E
0 0 1 0 0 E E
0 0 1 1 0 0 0
0 1 0 0 -E 0 -E
0 1 0 1 -E -E -2E
0 1 1 0 -E E 0
0 1 1 1 -E 0 -E
1 0 0 0 E 0 E
1 0 0 1 E -E 0
1 0 1 0 E E 2E
1 0 1 1 E 0 E
1 1 0 0 0 0 0
1 1 0 1 0 -E -E
1 1 1 0 0 E E
1 1 1 1 0 0 0



III. DISCRETE MODEL

A discrete-time form of the load current (4) for a sampling
time Ts can be used to predict the future value of load current
from the measured load current (il). The derivative current can
be approximated by the implicit Euler scheme, i.e.,

dil
dt
≈ il(k)− il(k − 1)

Ts
(7)

From (7) and (4) the following expression can be obtained for
the discretized load current:

il(k) =
1

L+RTs
[Tsvl(k) + Lil(k − 1)] (8)

The load current in the future, which is the predicted current,
is obtained by changing the discrete time to one step forward.

il(k + 1) =
1

L+RTs
[Tsvl(k + 1) + Lil(k)] (9)

In order to prevent a computational delay presents in the
experimental set-up, the predictive current is evaluated at the
instant k + 2, i.e., two steps ahead [10], [11]. In this way,
assuming that vl(k+2) = vl(k+1) for a small sampling time
Ts, the current at the instant k + 2 can be predicted as

il(k + 2) =
1

L+RTs
[Tsvl(k + 1) + Lil(k + 1)] (10)

IV. MODULATED PREDICTIVE CONTROL STRATEGY

Fig. 2 shows the predictive control block diagram of the cas-
caded transformer multilevel inverter. The predictive current in
the next sampling interval il(k+ 2) is defined by the discrete-
time model of the CTMI from Fig. 2, being represented by
block Predictive Model. The space vector modulation (SVM)
for single-phase converter is based on one dimensional (1D)
control region [14]. It is possible to define each available
vector for the CTMI in a line as shown in Fig. 3. Ideally,
the CTMI is capable of generating an output voltage with five
levels: −2E, −E, 0, E and 2E. From Fig. 3, it is possible to
define four different sectors (Sectors I, II, III and IV) which
are given by two adjacent vectors. In the level voltages −E,
0 and E, the presence of redundant state vectors is clear.
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Fig. 2. Control block diagram.

The SVM was developed using two adjacent vectors in
each sector, being possible to obtain a total of 56 switching
combinations. As an example, for sector I, using two adjacent
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Fig. 3. One-dimensional control region.

vectors, four different state vectors are available, i.e., 1010-
0010, 1010-1000, 1010-1011, 1010-1110. To avoid increasing
the complexity of the controller, the cost function is calculated
for a set of preselected vectors. In this way, the adjacent
vectors are selected in order to produce the minimum number
of switching events. Table II shows the switching transitions
for each sector of all possible combinations of switching states
when only one switch changes its state. When this switch
changes its state from high to low (1 ⇒ 0), this pair of
adjacent vectors is classified as high-to-low, while if its state
changes from low to high (0 ⇒ 1) this pair of adjacent
vectors is classified to low-to-high, as illustrated in Table II.
As an example, the adjacent vectors 1010-0010 is classified as
high-to-low, because the state of q1 changes from high to low
(q1 = 1 ⇒ q1 = 0), while the other switches do not change
their states.

TABLE II
ADJACENT VECTORS WITH MINIMUM NUMBER OF SWITCHING EVENTS.

Sector Vector High-to-Low Vector Low-to-High

I 1010 ⇒ 0010 1010 ⇒ 1011
1010 ⇒ 1000 1010 ⇒ 1110

II

0010 ⇒ 0000 0010 ⇒ 0011
1000 ⇒ 0000 0010 ⇒ 0110
1011 ⇒ 0011 1000 ⇒ 1001
1011 ⇒ 1001 1000 ⇒ 1100
1110 ⇒ 0110 1011 ⇒ 1111
1110 ⇒ 1100 1110 ⇒ 1111

III

0011 ⇒ 0001 0000 ⇒ 0001
1001 ⇒ 0001 0000 ⇒ 0100
0110 ⇒ 0100 0011 ⇒ 0111
1100 ⇒ 0100 0110 ⇒ 0111
1111 ⇒ 0111 1001 ⇒ 1101
1111 ⇒ 1101 1100 ⇒ 1101

IV 0111 ⇒ 0101 0001 ⇒ 0101
1101 ⇒ 0101 0100 ⇒ 0101

The Modulated Predictive Control Strategy (M2PC) is sim-
ilar to classic Model Predictive Control, i.e., from discrete
model, the predictive current and cost function are calculated
[15]. Moreover, the M2PC calculates the predicted current and
the cost function for all two adjacent vectors of each sector and
the pair of vectors that minimizes the cost function is selected.
For example, from Table II and sector I, when high-to-low
vector is used, one possibility is first calculating cost function
g1 using vector 1010 and then calculating cost function g2 for
vector 0010.



The cost function (gj , with k=1,2) used for this application
is based on the absolute error:

gj = |i∗l − il(k + 2)| (11)

where i∗l is the reference load current.
The M2PC is based on calculus of the duty cycle related

to the two adjacent vectors. As shown in [15], [16], the duty
cycles (d1 and d2) can be calculated by:

d1 =
g2

g1 + g2
(12)

d2 =
g1

g1 + g2
(13)

The cost function is evaluated for sixteen pairs of adjacent
vectors. The pair of vectors that minimizes it is chosen
and applied in the next control period. The cost function is
calculated by:

g = d1g1 + d2g2 (14)

In order to reduce the complexity of the controller, only
sixteen different pairs of adjacent state vectors are applied.
However, when only vectors high-to-low or low-to-high are
used, unfortunately, a DC-component comes up in the currents
at the primary side of the transformers. The DC-component
in the transformers winding leads to the transformer core
saturation. This is a serious problem that can happen in the
transformer [3]. In order to eliminate the DC-component,
vectors low-to-high are used in sectors I and II, while vectors
high-to-low are used in sectors III and IV, or vice-versa.

Fig. 4 illustrates the flowchart of the control system. Ini-
tially, the load current at the secondary side of the transformer
is measured. In the for loop, the predictive algorithm chooses,
among the sixteen pairs of adjacent state vectors, the voltages
vaj(k + 1) and vbj(k + 1) to be applied to each transformer,
as calculated in (5) and (6). After that, the predictive currents
ilj(k+2) are calculated from the discrete-model in (10) for the
chosen pair of adjacent vectors. From the predictive currents,
the cost functions g1 and g2 are calculated from (11), and the
duty cycles d1 and d2 are evaluated by (12) and (13). Then, the
duty cycles d1 and d2 that minimize the cost function g are
selected. After obtaining the duty cycles, the gating signals
are obtained comparing the duty-cycle with a double high
frequency triangular carrier signal, i.e., double-carrier-based
PWM. In the case of double-carrier based PWM, the phase
shift of the triangular carrier signals between high-to-low and
low-to-high vectors is 180◦.

V. SIMULATION RESULTS

In order to demonstrate the feasibility of the cascaded
multilevel converter using predictive control, digital simula-
tions have been performed. The results were obtained for the
following conditions: the DC-link voltage is equal to 100 V,
reference current amplitude is equal to 1 A, the capacitance
of DC-link is equal to 4400 µF ; the sampling time is equal
to 100 µs and the transformers parameters are given in Table
III. A RL load was used with R = 150 Ω and L = 20 mH .
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Fig. 4. The flowchart of the CTMI.

Vectors low-to-high have been used in sectors I and II; instead
vectors high-to-low have been used in sectors III and IV.

TABLE III
TRANSFORMER PARAMETERS.

Transformer 1:1
Parameters Values
rp (primary) 0.2687 Ω
rs (secondary) 0.2687 Ω
lp (pri. leakage) 0.0714 mH
ls (sec. leakage) 0.0714 mH
lm (magnetizing) 5.7443 H

Fig. 5 illustrates the performance of the cascaded trans-
former multilevel inverter under predictive control. Fig. 5(a)
(bottom) shows that the load voltage has five levels, with
a Weighted Total Harmonic Distortion (WTHD) equals to
0.20 %. Fig. 5(a) (top) shows that the load current is sinusoidal
with 60 Hz fundamental frequency and Total Harmonic Dis-
tortion (THD) equals to 3.81 %. The currents at the primary
side of the transformers are shown in Fig. 5(c). It is worth
noting that there is no DC-component at the currents. This
happens because the shapes of the transformer voltages va
and vb generated by optimized states vectors suppress the DC-
component, as illustrated in Fig. 5(b). The shape of voltage
at positive and negative sides is similar. It can be noted that
the converter A has a low switching frequency, while the
converter B has a high switching frequency. This is due to
the evaluation performed by the cost function of pre-selected
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Fig. 5. Simulation results: (a) Load current (top) and load voltage (bottom).
(b) Transformer voltages (va and vb). (c) Transformer currents at the primary
side (ia and ib).

adjacent vectors in order to minimize the required processing
time of the algorithm and the number of switching events.

VI. EXPERIMENTAL RESULTS

The proposed system has been implemented in the lab-
oratory using the power converters shown in Fig. 6. The
experimental set-up is based on a Digital Signal Processor
(DSP) TMS320F28335 with a microcomputer equipped with
appropriate plug-in boards and sensors. The results were

Power ConvertersAC Source
Computer

Fig. 6. Experimental setup.

obtained by oscilloscope Agilent DSO-X 3014A 100 MHZ.
The switching frequency is equal to 10 kHz, the DC-link
voltage is equal to 100 V and the DC-link capacitance is equal
to 4400 µF. A three-phase RL load of 150 Ω and 20 mH was
used.

The steady-state waveforms for load current, load voltage,
transformer voltages and converter currents using the modu-
lated model predictive control are shown in Fig. 7. In these
results the amplitude of reference load current was equal to
1 A. Notice that the control guarantees sinusoidal current
and load voltage with five-level step [see Fig. 7(a)]. The
pair of adjacent vectors applied guarantees the converter A to
operate with three-step voltage and low switching frequency
while the converter B works with high switching frequency, as
shown in Fig. 7(b). Fig. 7(c) shows the transformer currents
at the primary side. It is worth noting that there is no DC-
component at the currents. This happens because the shapes of
the transformer voltages va and vb are generated by optimized
states vectors that suppress the DC-component.

VII. CONCLUSION

This paper presented a modulated model predictive control
for a single-phase cascaded transformer multilevel inverter.
The M2PC has already been introduced in previous works,
highlighting the advantages of this technique over conventional
full proportional-integral (PI) control scheme, in relation to the
fast dynamic response [10] and constant switching frequency
in comparison with the traditional MPC [11].

The CTMI analysed here uses two H-bridge converters
with two cascaded transformers and only one single DC-link
voltage source. The primary windings of the transformers are
connected to H-bridge inverters, while the secondary windings
are connected to the load. A five-level load voltage was
achieved, using transformer ratios equal to 1:1. In order to
reduce the complexity of the controller and eliminate the DC-
component, only sixteen different pairs of adjacent state vec-
tors have been applied. Vectors high-to-low are used in sectors
I and II, while vectors low-to-high are used in sectors III and
IV, or vice-versa. The pair of adjacent vectors guaranteed a
three-step voltage with low switching frequency for converter
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Fig. 7. Experimental results. (a) Current and voltage of the load (il and vl).
(b) Transformer voltages (vaand vb). (c) Transformer currents at the primary
side (ia and ib).

A, while the converter B works with high switching frequency.
Simulation and experimental results were presented for the
proposed validation.
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