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Abstract—In this paper a 7-Level Asymmetric Multilevel
Current Source Inverter is presented. The topology considers
two Current Source Inverters that follow a 1:2 ratio to generate
the multilevel current waveform. A Model Predictive Control
is used to track the internal current and voltage references as
well as to keep the asymmetric ratio between the DC currents
even during transient conditions. To properly use the predictive
algorithm, the modelling equations of the presented topology are
systematically obtained in continuous and discrete time domains,
considering the characteristic constraints of a Current Source
Inverter. Simulated dynamic tests are presented in order to prove
the feasibility of the asymmetric approach and the properness of
the predictive control technique.

Index Terms—Model Predictive Control, Asymmetric Multi-
level Inverters, Current Source Inverter.

I. INTRODUCTION

The increasing demand of clean and cost-effective energy
has led to propose different solutions in order to deliver power
efficiently [1]. In this scenario, power electronics is playing
an important role due to its capacity to convert energy from
DC to AC, which is essential to integrate renewable energy
sources to the existing facilities [2]. On the other hand, the
use of multilevel converters has become the state-of-the art
solution to overcome the power ratings limitation of the actual
semiconductor devices, because they can generate high voltage
and/or current AC waveforms using low power rated switches
[3], [4]. As a drawback of the multilevel converters, dedicated
control strategies are required to ensure the power balancing
among the components, which makes control algorithms quite
complex; however, this issue can be easily solved thanks to
latest digital control boards available on the market, such as
DSPs and FPGAs. [5], [6].

In recent years a novel technological trend has become quite
popular related to the use of asymmetric multilevel converters.
The main advantage of this approach lies in the higher number
of levels that can be obtained with a reduced amount of
switching devices. As the main drawback of this approach,
compared with its symmetric counterpart, it is possible to
mention the lack of modularity, i.e., if one cell fails (especially
the higher power module) the topology is not able to work
properly, as occur in conventional multilevel converters that
use the n + 1 reliability criterion [7].
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The multilevel asymmetric approach has been well reported
in literature for structures based on Voltage Source Inverters
(VSIs), where the asymmetry ratios and the gating patterns
have been optimized [8]. Furthermore, different control strate-
gies and modulating techniques have been already addressed
[9], [10]. Some applications of this kind of converters are also
reported, where it is possible to highlight, motor drives [11],
active power filters [12] and renewable energies integration
[13], among others.

Although the asymmetric approach for multilevel converters
was proposed several years ago [14], its implementation in
topologies based on Current Source Inverters (CSIs) is limited.
In fact, it is hard to find technical literature regarding this topic
[15]. It is well known that CSC’s have an important disadvan-
tage related to their power losses [16]; however considering the
asymmetric approach, it is possible to concentrate high amount
of power in semiconductors with low switching frequency and
therefore less power will be handled by the faster switching
devices. This may allow to overcome the drawbacks of the
CSCs, while it keeps the advantages, such as high reliability,
fault tolerant operation, quasi soft switching and the use of
capacitors of low value, among others [17], [18].

Regarding the state-of-the-art control techniques for mul-
tilevel converters, one of the most popular scheme since a
couple of years ago is the Predictive Control, which has some
advantages over linear control techniques, such as controlla-
bility range, dynamic response and the natural inclusion of
nonlinear contraints [19]-[21].

In this paper, a 7-level Asymmetric Multilevel Current
Source Inverter (AMCSI) is presented using two modules with
a 1:2 ratio. The mathematical model is included and the valid
states are depicted. The AMCSI is controlled with a predictive
control scheme and simulated results are included in order to
validate the proposal.

II. SYSTEM MODELLING
A. The Asymmetric Topology

The asymmetric multilevel inverter presented in this paper
is shown in Fig. 1. It is composed of a voltage source,
a current buck converter and two CSIs that feed a RLC
three-phase load, where the capacitors act as passive filters
aimed to smooth the voltage waveform and to filter-out current
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Fig. 1. Asymmetric Multilevel Current Source Inverter

switching harmonics generated by the inverter. The modules
that compose the AMCSI are connected in parallel and the
respective inductances follow the 1:2 ratio (L and 2L), in
order to generate the same asymmetry between the inverters
currents. Both inverters are fed with a constant current set with
the main inductance Lg4..

Similar to symmetric structures the power inverters consist
of six reverse blocking switches that could be implemented
with either insulated gate bipolar transistors (IGBT) each one
with a series diode to block the reverse current or integrated
gate commutated thyristors (IGCT), among others.

Thanks to the binary asymmetric ratio it is possible to
generate up to 7 levels in the current waveform as explained
in [22]. It is worth noting that, for the same number of levels,
the symmetric approach would require three inverters, which
considerably increases the complexity of the predictive control
scheme, due to the higher number of combinations, as will be
depicted hereafter.

B. Continuous-Time Model

The predictive control strategy requires the mathematical
model of the entire system as well as all the valid states of
the AMCSI. This is required in order to predict the future
behaviour (in the next sampling time k + 1) of the variables
to be controlled, which in this case are the voltages in the AC
side and the DC currents. As the asymmetric topology is based
on CSIs, it is required to ensure that each module provides
a valid path for the current, which is guaranteed only when
one of the upper switches and one of the lower switches are
closed in each inverter. This constraint can be mathematically
expressed as

s1, + 82, + 83, =84, + 55 +55, =1 ne{l,2} (1)

where 7 is the module number. As expected, each CSI has nine
valid states as depicted in TABLE I, where ia,» i, and i., are
the output currents of each module and v, is the equivalent
voltage between the terminals » and d of the module 7. As the
AMCSI considers two modules to generate 7 different levels

TABLE I
OUTPUT CURRENT AND VOLTAGE v,,4 OF MODULE 7

State s1, 82, 83, S4, S5, 86, ia, ib" tey  Vudy
#1 L0 0 1 0 0 dy,ig, 0 0 0

#2 1 0o o0 0 1 0 Ty, id, 0 Vab
#3 1 0 0 0 O 1 tu, 0 ~id,, Vae
#4 0 1 0 1 0 O ~id, Ty, 0 Vpa
# 0 1 0 0 1 0 0 tuy-id, 0 0

#6 0 1 0 0 O 1 0 tu, ~id, Vpe
# 0 0 1 1 0 0 -id, 0 tu, Vea
#8 0 0 1 0 1 0 0 id, Ty Veb
# 0 0 1 0 0 1 0 0 fuyia, 0

of the output current, each one with 9 different valid states,
there are 92 = 81 possible combinations for the switches.
Compared with its symmetric counterpart, in order to provide
the same number of levels, it would be necessary the inclusion
of a third inverter, which would produce 9% = 729 valid states
for the whole structure [23]. This feature allows to claim that
the asymmetric approach can generate the same multilevel
waveform that the symmetric multilevel inverter, but with
substantially lesser number of valid states, which certainly
facilitates the implementation of a predictive algorithm. On
the other hand, as a drawback of this fact, it is possible to
mention that the redundant states in the asymmetric approach
are decreased, then the degrees of freedom of the control
strategy are therefore limited.

In order to obtain the continuous-time system model, firstly
the inverters and their respective current sources are modelled
(Subsystem 1 in Fig. 1) using the valid states depicted in
TABLE I and then, the differential equations that model the
load dynamic behaviour are depicted (Subsystem 2 in Fig. 1).
Therefore, in the first case, applying the Kirchoff laws, the
modelling equations of the subsystem 1 are,

idc = iul + iu2

[ =14, + td,

VieSp =2 Lacige + 2Ly, + Vun, + Vna, +2Lig, (2)
Viesy =2Lgeige + Liyy, + Vuny + Unda, + Lig,

Viess =2 Lacige + 2Ly, + Vyn, + Una, + Lig,

where s, is the state of the switch of the buck converter
that controls the current source. It can be observed form the
first two equations that i4. is linearly dependant on the CSIs
currents, then it can be expressed in terms of ,, and i,,,
which implies that 74, is not considered a state variable of
the system. On the other hand, voltages vyn, and vyg, are
the voltages between nodes u,, and n and between n and d,,
respectively. These voltages can be expressed as function of
the switching signals S1-6, 88,
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The inverter output current ¢;,, for each phase is expressed
in terms of the switching signals s1_g¢, as,

iinva 811 812 Z 841 842 Zd

y — Ul 1

linv, | = 52, S2o| |- | — S50 Ssa| |, “)
Zi'rl’l)c 331 532 361 562

Combining the last expressions, it is possible to obtain the
state space representation of the first subsystem as

uy —c d —1 =2] [vun, 3
v | =a a2 vl s |y Ve )
idy -2 —4 d —e| |vnd, 6
where,
a:; b:6i
6 (2L + 3 Lg.) L. (6)
c=5+b d=2+0b e=8+Db

The capacitive filter as well as the resistive-inductive load
that compose the second subsystem is modelled with,

Yinvgy — lx

Uy =

3Cy
. - Rui, x € {a,b,c} @)
iy = — I,

where Cj is the filter capacitance, L the load inductance
and Rj the load resistance. In this case, the input of this
subsystem, %y, are generated as the output from subsystem
1. The state space representation for the presented equations
is,

i)a 000 f 00 Va iinva

Up 0000 f 0 Up iinvb

?.]c o 00000 f Ve ii71vc

ia|  [900h 00| |ia AN ®
i 0g00ARDO ip 0

ie 00g00A te 0

where,
1 1
f 50, 9=1; gRrL, 9)

C. Discrete-Time Model

As thorougthly explained in technical literature [24], the
predictive control requires the dynamic model expressed in the
discrete-time domain. Therefore, this part is aimed to obtain a
discrete representation of the afore-presented equations. To do
so, the forward Euler transformation is used, which considers
the derivative of a generic variable s as

ds  Sk+1— Sk

g 1
dt T (19)

where T is the sampling time. Then, using this last equation
to discretize the model in (5), (11) is obtained,

Tuy —c d —1 =2||vun, Ty, 3

iU2 . d e =2 -4 Vunsg iuz

ia |7 21 22— d | |ona, [T |ia, | TOTs5 || Vae

id2 k41 -2 -4 d —e Unds k id2 k 6
(1D

Similarly, using (10) and (8), the discrete time representa-
tion of the subsystem 2 is,

/

Va 100 f 00 Vg Z.inv,l
Vp 0100 f/ 0 Up iinvb
Ve o 00100 f/ Ve / Z.invc
il “lgoonoolli| |0 (12)
1p 0g 0O0AHKDO ip 0
le kb1 00g 0 O0RHR| |i X 0 1,
where,
T T.
r=__=° =5 W=1-¢R
f 3¢, 9 =1, e Ry, 13)

III. MODEL PREDICTIVE CONTROL STRATEGY
A. Control Overview

Considering that the AMCSI has 81 valid states, the con-
troller must take into account 162 possible combinations due
to the 2 states for variable s; of the current source. Then, the
control strategy must calculate the prediction of all the state
variables and compute which one of the switches combination
minimizes the global cost function (defined in next section).
To take into account the delay introduced by the computation,
the predictive controller outputs at time k will be applied at
the time instant k + 1. This imposes the restriction that all
the calculations necessary to perform the predictive control
must be performed in less than T seconds. It is important to
highlight that inverter currents in the sampling instant k£ + 1
depends on the switching states at time k, this implies that the
load variables v, . and i,y . can be predicted only for the
k + 2 instant. Therefore, a change in the switching states at
time & is reflected in the load variables in the k& -+ 2 instant,
as depicted in [23].

B. Cost Function

In order to complete the predictive algorithm, a global
multi-term cost function is defined aimed to include different
control objectives. As explained earlier, the cost function must
consider each possible combination of switches at time k + 2
and the controller will select the state that minimizes the
functional.

Given a current reference, i4c,., e the individual references
for each inverter are generated taking into account the asym-
metric distribution of the dc currents, i.e., currents %,,, and %4,
are equal to 2ig4. and i,, and iq4, are set to $iqe. Hence, the
cost term associated with the current references results,

2 2 2 2
Cigey = (iu1k+2_ 3idc7‘ef> + (id1k+2_ gidcref> (14)
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Ciger = <iu2k+2_ 3idcref> + (id2k+2_ 3idcref> (15)

On the other hand, in order to include the output voltages
at the load within the cost function, the sum of the quadratic
errors with respect to a voltage reference is proposed,

2 2
Copey = (Uak+2 - v;k+2) + (Ubk+2 - ’UZ}H)

2
+ (U0k+2 - U:k+2)

In this case, voltage references are required for the k + 2
instant; then, a fourth order Lagrange extrapolation is used,
as explained in [23]. In order to reduce the number of
commutations, a term that penalizes the number transitions
between sampling instants is included. Then, the number of
switches that change at each sampling time is

(16)

6

Nsw,, = Z

i=1

Sz;,kH = Siy, )
Therefore, the term associated with the commutation of the
switches, including the buck converter is,

Csw = )\lewl + >\2Nsw2 + ANbuck |5bk+1 - Sbk| (18)

where the weights A1, Ao and Ay, are selected to obtain the
desired average switching frequency.

Including all the terms presented above, the global cost
function is defined as,

Cglobal = /\'umf Copey + )\id,nl Cige, + )\idCQ Cige, + Csw (19)

where the weights A,,_,, Ai,, and ), are chosen in order
to limit the maximum error of the variables [23].

Finally, the switching state that minimize (19) is selected
and applied at instant k + 1.

IV. SIMULATION RESULTS

Once the predictive algorithm is programmed, the asym-
metric inverter and its control strategy are simulated in the
MATLAB/Simulink software. The parameters used are shown
in Table II. The following subsections illustrate the perfor-
mance of the proposed approach under nominal conditions,
changes of the output voltage and a step of the input current
reference.

A. Nominal conditions

The main waveforms that show the steady state performance
of proposed controller are shown in Fig. 2. The output voltage
properly tracks its references as shown in Fig. 2 (a) and
the resulting line-to-line voltage v, is presented in Fig. 2
(b). Furthermore, the load current 7, is highly sinusoidal as
depicted in Fig. 2 (c); which is achieved with low switching
frequency, as shown in Fig. 2 (d). Fig. 2 (e) illustrates that
the DC current tracks its reference with a small error, which
is a characteristic behaviour of the predictive control with a
multifunctional cost function. Fig. 2 (f) shows the asymmetric
distribution of currents that follows the 1:2 ratio.

Fig. 3 shows that the ¢;,,, THD is approximately 20%,
while the distortion of 7, is reduced to almost 1% due to the

TABLE II
SYSTEM PARAMETERS

Symbol Definition Value

Vie Voltage source 5kV

Ry, Load resistor 15Q
Ly, Load inductor 6mH
L. dc inductor 120mH
L dc divider inductor base 80mH
Cy Filter capacitors 22.2uF
Ts Sampling time 20048
11 Reference frequency 50Hz
ide,. ; Reference current 200A
Uref Reference voltage 2.9kV

filter capacitors, while the THD of line to line voltage, vp, is
approximately 3%. The performance of the AMCSI is similar
to its symmetric counterpart, but using a substantially lesser
number of possible combinations [23].

B. Output Voltage Step

A step of the reference voltages from 2.9kV to 1.7kV is
shown in Fig. 4. The controller tracks with fast dynamic
response, as observed in Fig. 4 (a). The corresponding line-
to-line voltage v, is presented in Fig. 2 (b). This reference
change implies a reduction in the output current, which reaches
its new operating condition smoothly, Fig. 2 (c). The inverter
output current is shown in Fig. 2 (d), where it can be observed
that only 5 levels are used to track the new reference value.

C. Current Input Step

A negative step of 80A is applied to the DC current
reference and the results are illustrated in Fig. 5. Despite
the reference change, the output current ¢, keeps it expected
value, Fig. 5 (a), thanks to the modification of the inverter
AC current, Fig. 5 (b). From the AC current waveforms, it is
inferable that the AC voltages remain tracking their references.
Regarding the dynamic response of the controller, the 4.
reaches it new operating point in less than 1 cycle, Fig. 5
(c), and the asymmetric distribution is kept even under the
transient condition, as shown in Fig. 5 (d).

V. CONCLUSION

The presented Asymmetric Multilevel Current Source In-
verter provides controlled AC voltage and DC current. It is
possible to generate a 7 level current waveform with only two
modules, which substantially reduces the number of possible
switching combinations compared with its symmetric coun-
terpart, simplifying the evaluation of the predictive algorithm.
The proposed controller allows to track the references in
steady state as well as during transient conditions, with fast
dynamic response. The asymmetric distribution of currents is
ensured thanks to the predictive control strategy. The perfor-
mance of the proposal is similar to the symmetric multilevel
inverter in terms of THD and dynamic response, but the main
advantage lies in the reduced number of switching devices,
which simplifies the predictive control strategy.



Fig. 2. Simulation results
output current of phase a,

Three-phase Voltages
T T T

£

Voltage [kV]
v o N
\ ]
I

(

A

0 5 10 15 20 25 30 35 40
Time [ms]
(a)
Single-phase Current
200 T gep T

Current [A]
o

-200 :
0 5 10 15 20 25 30 35 40

Time [ms]

(©)

Inverter DC Current
T T T

< 200

H /\/\/\/\/\/\/\r\/\/\/\/\/"\/\f/\/\/\/\/‘\/\'\f”\/\,

:l_)

g 190 - q

180 , , , , , , ,
5 10 15 20 25 30 35 40

Time [ms]
(e)

Inverter Current
1000 T

THD =19.86%

Current [A]

()

Line-to-line Voltage
T T

Voltage [kV]

(b)

Load Current
1000 T

THD =1.74%

100 =

Current [A]

(©)

Fig. 3. Waveform spectrum versus harmonic order; (a) inverter output %;,y,, ,
(b) line-to-line output voltage v,p, (¢) output current g

REFERENCES

[1] N. Li and K. W. Hedman, “Economic assessment of energy storage in

systems with high levels of renewable resources,” IEEE Transactions on
Sustainable Energy, vol. 6, no. 3, pp. 1103-1111, July 2015.

Line-to-line Voltage
T T T

Voltage [kV]

I
0 5 10 15 20 25 30 35 40

Time [ms]
(b)
Inverter AC Current
200 r T T T
= ﬂIIJIIJU ]I
5§ o
5
0 5 10 15 20 25 30 35 40
Time [ms]
(@
Individual Inverters DC Currents
140 T T T T T T T
leroa A\ oA TR T oA —i,
T120f
—_— —l
- d1
§ 100 i
3 80 e |
60 | I | | | | .
[ 5 10 15 20 25 30 35 40
Time [ms]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

under nominal conditions; (a) phase voltages and references, (b) line-to-line output voltage vqp, (¢) output current ¢4, (d) inverter
(e) inductor current %4., (f) inverter asymmetric currents

F. Blaabjerg, Y. Yang, D. Yang, and X. Wang, “Distributed power-
generation systems and protection,” Proceedings of the IEEE, vol. 105,
no. 7, pp. 1311-1331, July 2017.

N. Mittal, B. Singh, S. Singh, R. Dixit, and D. Kumar, “Multilevel
Inverters: A Literature Survey on Topologies and Control Strategies,”
in Power, Control and Embedded Systems (ICPCES), 2012 2nd Interna-
tional Conference on, Dec 2012, pp. 1-11.

M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular
multilevel converters,” IEEE Transactions on Power Electronics, vol. 30,
no. 1, pp. 4-17, Jan 2015.

S. M. Trimberger and J. J. Moore, “Fpga security: Motivations, features,
and applications,” Proceedings of the IEEE, vol. 102, no. 8, pp. 1248-
1265, Aug 2014.

C. A. Sepulveda, J. A. Muiioz, J. R. Espinoza, M. E. Figueroa, and C. R.
Baier, “Fpga v/s dsp performance comparison for a vsc-based statcom
control application,” IEEE Transactions on Industrial Informatics, vol. 9,
no. 3, pp. 1351-1360, Aug 2013.

W. Song and A. Q. Huang, “Fault-tolerant design and control strategy
for cascaded h-bridge multilevel converter-based statcom,” IEEE Trans-
actions on Industrial Electronics, vol. 57, no. 8, pp. 2700-2708, Aug
2010.

J. Pereda and J. Dixon, “Cascaded multilevel converters: Optimal asym-
metries and floating capacitor control,” IEEE Transactions on Industrial
Electronics, vol. 60, no. 11, pp. 4784-4793, Nov 2013.

H. Wu, L. Zhu, F. Yang, T. Mu, and H. Ge, “Dual-dc-port asymmetrical
multilevel inverters with reduced conversion stages and enhanced con-
version efficiency,” IEEE Transactions on Industrial Electronics, vol. 64,
no. 3, pp. 2081-2091, March 2017.

F. Carnielutti and H. Pinheiro, “Extending the operation of asymmetrical
cascaded multilevel converters under fault conditions on the converter
power cells,” IEEE Transactions on Industrial Electronics, vol. 64, no. 3,
pp- 1853-1862, March 2017.

J. Dixon, J. Pereda, C. Castillo, and S. Bosch, “Asymmetrical multilevel
inverter for traction drives using only one dc supply,” IEEE Transactions
on Vehicular Technology, vol. 59, no. 8, pp. 3736-3743, Oct 2010.

J. Muioz, F. Cadena, P. Gaisse, J. Guzmdn, P. Acuila, P. Melin, and
J. Rohten, “A 27-level asymmetric multilevel converter for harmonic
currents compensation,” in 2017 11th IEEE International Conference
on Compatibility, Power Electronics and Power Engineering (CPE-
POWERENG), April 2017, pp. 538-543.



Line-to-line Voltage
T T T

Voltage [kV]

0 5 10 15 20 25 30 35 40
Time [ms]
(a)
Single-phase Current
200 T gep T T

Current [A]
o

200 | | | | | |
0 5 10 15 20 25 30 35 40
Time [ms]

()

Line-to-line Voltage
T T T

Voltage [kV]

I
0 5 10 15 20 25 30 35 40

Time [ms]
(b)
Inverter AC Current
200 T T 5
<
€
2
5
o
-200 = . . | . . . . J
0 5 10 15 20 25 30 35 40
Time [ms]
(@

Fig. 4. Simulation results for predictive control of the system with a step change in voltage references; (a) phase voltages and references, (b) line-to-line
output voltage v,p, (¢) output current 44, (d) inverter output current of phase a [A]

Single-phase Current
200 T gep T T

Current [A]
o
§

Current [A]
o

200 | | | | | | |
0 5 10 15 20 25 30 35 40
Time [ms]
(@)
Inverter DC Current
250 T T T
= 200 |
€
e
8 150 - 8
100 | | | | | | |
0 5 10 15 20 25 30 35 40
Time [ms]
©

Inverter AC Current
200 F T T T

-200 = I I I I I I I o
0 5 10 15 20 25 30 35 40
Time [ms]
(b)
Individual Inverters DC Currents
150 T T T T
b USRS
= e,
L1001 ~~—— 1
T ut TS—
g H—lg W
3 01y, .
—iy,
0 | | | | | | |
0 5 10 15 20 25 30 35 40
Time [ms]
(@

Fig. 5. Simulation results under a step change in current reference; (a) output current %4, (b) inverter output current of phase a, (c) inductor current %4., (d)

inverter asymmetric currents

[13] S. K. Chattopadhyay and C. Chakraborty, “A new asymmetric multi-
level inverter topology suitable for solar pv applications with varying
irradiance,” IEEE Transactions on Sustainable Energy, vol. PP, no. 99,
pp. 1-1, 2017.

[14] J. Dixon and L. Moran, “Multilevel inverter, based on multi-stage
connection of three-level converters scaled in power of three,” in IEEE
2002 28th Annual Conference of the Industrial Electronics Society.
IECON 02, vol. 2, Nov 2002, pp. 886—891 vol.2.

[15] E.S. Najmi and A. Ajami, “Modular symmetric and asymmetric reduced
count switch multilevel current source inverter,” IET Power Electronics,
vol. 9, no. 1, pp. 51-61, 2016.

[16] C. R. Baier, M. A. Torres, P. Acuna, J. A. Munoz, P. E. Melin,
C. Restrepo, and J. I. Guzman, “Analysis and design of a control strategy
for tracking sinusoidal references in single-phase grid-connected current-
source inverters,” IEEE Transactions on Power Electronics, vol. PP,
no. 99, pp. 1-1, 2017.

[17] M. Aguirre, L. Calvifio, and M. Valla, “Multilevel Current-Source
Inverter With FPGA Control,” Industrial Electronics, IEEE Transactions
on, vol. 60, no. 1, pp. 3-10, Jan 2013.

[18] P. Cossutta, M. P. Aguirre, A. Cao, S. Raffo, and M. 1. Valla, “Single-
Stage Fuel Cell to Grid Interface With Multilevel Current-Source
Inverters,” IEEE Transactions on Industrial Electronics, vol. 62, no. 8,
pp- 5256-5264, Aug 2015.

[19] S. Kouro, M. A. Perez, J. Rodriguez, A. M. Llor, and H. A. Young,
“Model Predictive Control: MPC’s Role in the Evolution of Power

Electronics,” IEEE Industrial Electronics Magazine, vol. 9, no. 4, pp.
8-21, Dec 2015.

[20] S. Vazquez, J. I. Leon, L. G. Franquelo, J. Rodriguez, H. A. Young,
A. Marquez, and P. Zanchetta, “Model Predictive Control: A Review
of Its Applications in Power Electronics,” IEEE Industrial Electronics
Magazine, vol. 8, no. 1, pp. 16-31, March 2014.

[21] M. Rivera, S. Kouro, J. Rodriguez, B. Wu, and J. Espinoza, “Predictive
Control of a Current Source Converter Operating with Low Switching
Frequency,” in IECON 2012 - 38th Annual Conference on IEEE Indus-
trial Electronics Society, Oct 2012, pp. 674-679.

[22] M. A. Perez, P. Cortes, and J. Rodriguez, “Predictive control algorithm
technique for multilevel asymmetric cascaded h-bridge inverters,” IEEE
Transactions on Industrial Electronics, vol. 55, no. 12, pp. 4354-4361,
Dec 2008.

[23] P. Cossutta, M. A. Engelhardt, M. Aguirre, J. Ponce, and M. 1. Valla,
“Model predictive control of a multilevel current source inverter together
with its current source,” in ISIE 2017 - 26th IEEE International
Symposium on Industrial Electronics, Jun 2017.

[24] J. Rodriguez and P. Cortes, Model Predictive Control.
Press, 2012, pp. 31-39.

Wiley-IEEE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


