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Abstract—In this work a study of a 27-level asymmetric
multilevel current source inverter is developed. The presented
structure is composed by three current source inverters that
together are in a 9:3:1 ratio to produce a current waveform with
multiple levels. A model predictive control scheme is developed
for tracking the references for the output AC voltages, and
to keep the asymmetric ratio between the DC currents even
during transient conditions. Furthermore, an extra control goal
is included in order to reduce the commutations of the inverter,
and therefore reduce the power losses. In order to apply the
predictive controller, the equations of the model to be analyzed
are obtained systematically for continuous and discrete time
domains. Simulations are carried out to validate the proposal
and the integrity of the predictive control strategy.

Keywords—Predictive Control, Asymmetric Multilevel In-
verter, Current Source Inverter.

I. INTRODUCTION

Multilevel converters have been of great importance the
last years due to the increase on demand for clean, reliable,
and economically feasible energy. Thus, systems that can
maximize the efficient delivery of energy are required [1].
These devices have the capability of converting energy from
DC to AC, an essential requirement for embedding renewable
energy into existing power systems [2].

Since there must be power balance between components of
multilevel converters, control algorithms may become complex
[3]-[5]. As an alternative to decrease the number of converters
in a multilevel topology, and therefore simplifying the control
strategies, asymmetric multilevel inverters appear as a very
promising and convenient option [6], [7]. They can reach the
same levels of commutation with lower quantity of modules,
aspect that reduces substantially the amount of states to
commutate, making simpler the implementation of a control
algorithm [8].

Regarding the control strategy used in this paper, a Model
Predictive Control (MPC) is considered to track the AC
voltages and to regulate the DC currents. Also, an additional
term is added to the cost function in order to reduce the
commutation losses, which can be done thanks to the flexibility
of the MPC [9]-[13].
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Fig. 1: Topology of the Asymmetric Multilevel Current Source
Inverter (AMCSI)

In the present work, a 27-level Asymmetric Multilevel
Current Source Inverter (AMCSI) is developed considering
three modules with a 9:3:1 ratio. A predictive control scheme
is used to control the inverter and the simulation results are
included for strengthening the proposal.

II. SYSTEM MODELING
A. The Asymmetric Topology

The topology of the asymmetric multilevel inverter devel-
oped in this work is shown in Fig.l1 and has the following
components: a voltage source, a buck converter and three
current source inverters that are connected to a three-phase
RLC load, where the role of passive filtering is played by the
capacitors in order to smooth the voltage waveform out. The
modules that are part of the AMCSI are parallel connected
and their respective inductances are in the 9:3:1 ratio (9L,
3L, and L). With this is possible to have the same asymmetry
between the current of the inverters. A DC current i4. feeds
both inverters with an inductance L.

A current waveform of up to 27 levels can be generated with
this asymmetrical relation as explained in [14]. It is relevant
to mention that if the symmetric approach is considered to
generate the same number of levels, 13 inverters are required,
increasing considerably thus the complexity of the model



TABLE I: AC currents and voltage v,4 for module j

State S1; S2; S3; S4; S5; S6; iaj ibj icj Vud,
#1 1 0 0 1 0 0 du; —ig 0 0 0

#2 1 0 0 O 1 0 fuy —id; 0 Vab
#3 1 0 0 0 0 1 Gu 0 —id; Vae
#4 0 1 0 1 0 O —id; Tu 0 Vba
#5 0 1 0 0 1 O 0 Tu; — id; 0 0

#6 0 1 0 0 0 1 0 Tu —id; Vpe
#7 0 0 1 1 0 O —id; 0 fu Vca
# 0 0 1 0 1 0 0 —id; T Veb
#9 0 0 1 0 0 1 0 0 fu; —idg; 0

predictive control (MPC) strategy, because the high number
of switching states.

B. Continuous-Time Model

To represent the system as well as its valid states for the pre-
dictive control strategy, mathematical equations are required.
These equations anticipate the behavior of the variables to
be controlled as AC output voltages and DC currents. To each
module to allow a valid circuit for the current, one of the upper
switches and one of the lower switches have to be closed in all
the inverters. This requirement is expressed in the following
relation,

51, + 82, +83;, =84, + 85, +56, =1 j€{1,2,3} (1)

where j is the number of the module.

As deeply explained in the technical literature [15], each
current source inverter (CSI) has 9 valid switching states. As
the AMCSI considers three modules with 9 active states each
one to produce 27 levels, the number of possible combinations
is given by 9% = 729, which is quite lower than its symmetric
counterpart equal to 9% = 2.5 - 10'2 valid switching states.
This is clearly unfeasible for any existing digital board such as
DSP or FPGA. The latter leads to that for having high amount
of levels in the multilevel waveform, the asymmetric approach
has to be taken into account since it allows more levels than
the symmetric multilevel inverter.

To obtain the model of the system in continuous-time mode,
the valid states from Table I have to be used for modeling the
current sources for each inverter (subsystem 1 from the Fig.
1), and for describing the dynamic load behavior, differential
equations have to be modeled (subsystem 2 from the Fig. 1).

Therefore, applying Kirchhoff’s laws, subsystem 1 model
equations are obtained as follows,

Tde = ful T tu2 + Tu3

lde =141 + ld2 + 143

Viesp = 2Lacide + 9Liy1 + Vun1 + Vnar + 9Lign

Viaesv = 2Lacide + 3Liuz + Vunz + Vnaz + 3Liaz  (2)
Viesy = 2Lgeide + Liys + Vuns + Vnaz + Ligs

Viesy = 2Lgeide + 9Lin1 + Vun1 + Vna2 + 3Ligs

Viesy = 2Lgcide + 3Liua + Vun2 + Vnas + Lias

where s; is the state of the buck converter switch that
controls the current source.

In the first two equations in 2, 4. appears linearly dependent
on the currents from the current source inverters (CSIs).
Consequently, the DC current can be formulated as ¢,,; and
iq,, implying that i4. can no longer be considered to determine
the future behavior of the system.

Whereas, the voltages among nodes u; and n, and between
n and dj, vyn; and vpg;, respectively, can be represented
in terms of the commutation signals s;_g, according to the
following expression,

Vun,y S1, S22, S34 Va

Vung | = S1, 82, 83, Vp

'Uung sl'; 823 833 vC
- - ’ 3 F % 3)
Und, 4, S5, 564 Vq

v’ndQ - - 842 852 862 Up

_vnd3_ _843 853 863_ _UC_

Similarly, the inverter output current %;,, for each phase
follows what is shown in 4 considering the commutation
signals s1_¢; as,

iinva 511 812 813 iul 841 842 843 Zdl
Linv, | = |82, S2, S23 luy [~ [S51 S5y Sbg Ldy
Linv, S3, 83, 833 lug 561 562 563 ldg

“4)

Taking into account (2), (3) and (4), the overall model of
subsystem 1 can be obtained as,

iy b ¢ d -3 -9

—27 Vun,
s c —e f -9 =27 —81| |vun,
b | _ | A F =39 27 =81 =243 |y,
idl -3 -9 =27 -b C d Und,
%d2 -9 -27 81 ¢ —e f Vnd,
ids —27 —81 =243 d f 39| |Vnds
39
117
351
+a sp 39 Vie
117
351
)
where,
1 de
= b="75+104
T 78(9L + 13 La) T
Lge L.
c=9+426-2 =274 7824
ok Lo©
dc dc
= 207 + 260 =81+ 243
e + 7 f + T
de
=1 104
9= 153+ 104

The load and the passive output filter result in an equivalent
RLC impedance seen from the converter output. Therefore,
the model of the subsystem 2 is as follows,
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Uy =
3C;
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oy Ryi, "Elebd @
A P

where L and Rj are the inductive and resistive values
of the load, respectively; and C is the capacitance of the
passive filter. The input of the subsystem 2 is 4;p,,, Which
corresponds to the output of the subsystem 1. As depicted in
[16], the overall representation of this subsystem is,

{)a 000 f 00 Va iinva
’l.)b 0000 f 0 Uy iinub
’l'Jc o 00000 f Ve iinvC
ia|  [g00h 00| |ia AN ®
?b 0g00hRO| |2 0
ie 00g00AR| |i 0
where,
1 1 Ry,
= —— = — h =
I==3¢, 971, Ly ®

C. Discrete-Time Model

In order to use a predictive control scheme, the dynamic
model of the system needs to be expressed in discrete-time.
Therefore, the equations have to be in a discrete representation,
using the Euler approximation. This considers the derivative
of an arbitrary variable x, which can be a voltage or current:

dx

ar  Tgy1 — Tk
dt

T (10)

where T is the sampling time. Considering this approxima-
tion, the model (5) can be discretized, resulting the equation

(11).

Ty -b ¢ d -3 -9 =27 |vun,
Ty ¢ —e f =9 =27 —81 | |vun,
21“3 T d f —3g —27 —81 —243| [vyn,
idy 1 =3 =9 =27 —b ¢ d Und,
Tdy -9 -27 -81 ¢ —-e f Undsy
i, b1 —27 —81 =243 d f -39 ]|Vnas],
Ty 39
Ty 117
(N 351
+ Z.dl +aTsSb 39 Vdc
id, 117
Bdg | 351 an

In the same way, using (8) and (10), the representation in
discrete time of the subsystem 2 is,

Vg 000f 00 Vg Linv,

Vb 0 O 0 O f/ 0 Vp iinub

Ve _ 000O0ODO f/ Ve / iinvc

il g oow ool ] 0 12)
o 0g 00HDO ip 0

2 00g¢g 0 O0AH ic ]y 0 |,

where,
T, T, Ry
/:7 E /:7‘ hlzlfiT‘;
f 3Cy g Ly, Ly (13)

III. MODEL PREDICTIVE CONTROL STRATEGY

Since the AMCSI has already 729 valid switching states
due to the three modules, also the buck converter switch
needs to be considered as it has other two possible switching
states, adding another 729 states giving a total of 1,458
combinations. Thus, all the state variables and commutation
switches predictions have to be calculated by the control
strategy in order to minimize the global cost function.

On the other side, for taking into account the delay gener-
ated by the internal computing of the control, outputs obtained
from the predictive control are applied to the k + 1 sampling
time. This foists the constraint of calculating in less than 7
seconds all the required predictions.

Additionally, the inverter currents in the k+1 sampling time
depend on the switching states at the k£ time, thus only at the
k + 2 time, the load variables v, ; . may be predicted. Any
variation in the state at the k time will affect the load variables
at the k£ 4 2 instant, as explained in [17].

For establishing the MPC scheme, a multi-variable cost
function has to be defined to complete the predictive algorithm.
In this, every possible combination at the k£ + 2 time has to
be considered and the minimum-cost state of the function to
be chosen by the controller.

Through the reference current i 4., individual references can
be obtained for each module, with its respective asymmetric
distribution, i.e. the currents 4,1 and i4; are equal to %idc,,,e >
142, and 142 are equal to %idcmf and 1,3 with 43 are estab-
lished in %z’dcm ;- Thus, the expression of the cost associated
to the reference currents is equal to,

. 9. N (. 9.\’
Ciger = \ tuny o Eldcm’,f + by, o Eldcrnf
. 3 . 2 . 3 . 2
Cigey = (Z“2k+2_ Bldcref) + <1d2k+2_ K))ch'”ef> (14)

1 2 1 ?
Ciges = (i“2k+2_ lgidcref) + (id2k+2_ Bidcmf>

On the other hand, the output voltages must be included in
the load, which is why the sum of square errors compared to
a voltage reference is developed.

C'Urszf = (Uak+2 - 'U:;k+2)2 + (Ubk+2 - Ul;kk+2)2

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

15)



In order to find the voltage references as they are the
known control system inputs at the k time, a prediction at the
k + 2 time has to be made. For this a fourth-order Lagrange
extrapolation is used, which is given as follows,

Upyr = 4vg —6vp_y +4vp_ o —vp 3 (16)
While the references for the k + 2 time are,
Vo = 10vy — 200w,y + 1505 5 —4vg_3 17

As explained in the related literature, since the sampling
time is small enough and the signal follows a sine wave at the
line frequency of the extrapolation, this estimation is able to
be used for several frequencies of v*.

Moreover, it is desirable diminishing the commutation fre-
quency and improving the efficiency. These both together
reduce the energy losses produced by such commutation. For
this, a penalty term for the state transitions which produce the
biggest number of changes in the commutation states within
a certain sampling time is included.

The amount of changing-switches within each sampling
time is given by,

Nswj = Z

i=1

sijk+1 - Sijk ] € {1a273} (18)

The cost function related to the commutation of the AMCSI
and the buck converter follows the expression,
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(e)

Csw = )\lewl + )\2Nsw2 + )\3Nsw3 + Abuck ‘Sbk+1 - Sbk|
(19)
where, the A\q 2 3 and Ap,cr, Weighting factors are selected to
accomplish the needed commutation frequency. Furthermore,
a global weighting factor is applied to each component of the
global cost function for normalizing them,

1 1
>\'uref = 627 )\idc = 2 (20)
Vref tdc

where e, ., and e;,_ are the desired error limits of the output
voltage and current. Finally, the sum of the terms weighted by
their factors leads to the global cost function,

Cglobal = )\'U'ref C'UTef+Aidcl Cige, +)\idc2 Cige, Jr)‘ich Cigey +Csw

(21

The commutation state that minimizes eq. (21) is selected
and applied at the k + 1 time.

IV. SIMULATION RESULTS

The proposed control scheme is validated by simulations
performed using MATLAB/Simulink. The simulations are
implemented with the parameters shown in Table II. The
prediction is carried out using a sampling time of T = 200 us.

The representative waveforms that show stationary per-
formance of the system are shown in Fig. 2, where (a)
corresponds to the output voltage that follows correctly its
references; (b) represents the line-to-line voltage of v,p. In
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Fig. 2: Stationary results; (a) phase voltages and references, (b) line-to-line output voltage v, (C) output current %4, (d) inverter
output current of phase a, (e) inductor current 4., (f) inverter asymmetric currents.



TABLE II: System parameters

Symbol Definition Value
Vie Voltage source 5kV
Ry, Load resistor 129
Ly, Load inductor 6mH
Lge DC inductor 120mH

L DC divider inductor base 120mH
Cy Filter capacitors 22.2uF
Ts Sampling time 200us
f1 Reference frequency 50Hz
ide,., ; Reference current 270A
Upef Reference voltage 2.9kV

(c) is seen that the load current ¢, is highly sinusoidal,
and that it is obtained with a low-frequency commutation,
as shown in (d). The plot from (e) shows the DC current
of the inverter, where it can be seen that the tracking of
its reference value has a small error, since the predictive
control is not able to eliminate it in the steady state, but only
reducing it. Considering this last issue, in the graph from (f)
the asymmetric distribution of currents which follows the 9:3:1
ratio with a small margin of error are shown.

In particular, the steady state error of the DC variables
does not affect the performance of the controller in the AC
variables; furthermore this error can be reduced by adjusting
the weighting factors of the global cost function shown in (21).

Fig. 3 shows that THD of the current ¢, is 1.13% which is
relatively low because of the inclusion of the capacitive filters.
On the other side, THD of I;,,,, is 26.9%, and 2.72% for V.
The THD results meet the expected values for such index; and
therefore it is possible to mention that the implementation
of the asymmetric inverter is feasible. Compared with the
symmetric structure, with less possible combinations a higher
number of levels is accomplished, as it will be shown in the
forthcoming section.

Additionally, a 25% step-up voltage reference change was
performed to assess the transient response of the proposed
control algorithm; the main results are presented in Fig. 4.
The proposed strategy achieves voltage reference tracking fast
dynamics, as it can be seen in Fig. 4 (a). The line-to-line
voltage v, is shown in Fig. 4 (b), where it is possible to
observe that the reference change leads to an increment in
this variable. In Fig. 4 (c) with a step-up change, a rise in
the output current is implied, but it reaches its new operation
condition smoothly. Finally, in Fig. 4 (d) the inverter output
current is shown, where it can be recognized that for tracking
the new reference value, more levels are used.

V. COMPARISON OF TOPOLOGIES

Compared values among a 5-level symmetric multilevel
current source inverter (5-L SMCSI) [17] and a 7-level asym-
metric multilevel current source inverter (7-L AMCSI) [15]
are shown in Table III and compared with the one developed
in this work: the 27-level asymmetric multilevel current source
inverter (27L-AMCSI).

Load Current
1000 T

THD =1.13%

Current [A]

3
I

1 I I I I I I I

0 5 10 15 20 25 30 35 40

(a)

Inverter Current

Current [A]

(b)

Line-to-line Voltage
T T T

Voltage [kV]

Fig. 3: Waveform spectrum versus harmonic order; (a) inverter
output %ip,,, (b) line-to-line output voltage wvqp, (c) output
current i,

The comparison among the amount of generated levels
together with the valid states for each topology is made.
The 27-levels topology presented in this paper has the same
number of valid states of a five-states symmetric multilevel
current source inverter due to the same number of converters
connected in parallel.

Additionally, in Table III the compared numbers of semicon-
ductors which need to be used for each topology are shown,
together with the THD values for V,p, in,, and I,.

With these THD values, it is possible to say that the
proposed topology for the 27-levels AMCSI is a feasible
technology prospect as it makes possible to generate 27 levels
with lower number of commutation states that would be
necessary for a symmetric multilevel current source inverter
with the same number of levels.

TABLE III: Comparison among topologies

SL-SMCSI 7L-AMCSI 27L-AMCSI
Levels 5 7 27
States 93 =729 92=81 93=729
Semiconductors 18 12 18
THD V;, 2.5% 3.01% 2.72%
THD I;no, 20.60% 19.86% 26.9%
THD I, 1.20% 1.74% 1.13%
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Fig. 4: 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, (c) output current ¢, (d) inverter output current of phase a [A]

VI. CONCLUSIONS

It is possible to generate a current waveform of up to 27
levels using only three modules, extensively reducing, thus, the
number of possible commutations compared to the symmetric
counterpart with the presented asymmetric multilevel current
source inverter. This reduction of the possible commutations
eases the implementation of the predictive control algorithm.

Although a simple cost function is presented, its efficacy is
proved through the algorithm’s good tracking of variables in
steady state. In addition, an improvement of the efficiency of
the entire system comes with the role of the controller, which
balances the internal currents of the inverter and provides low
switching frequency of the buck converter, reducing thus the
switching losses.

Considering inside the controller the switching state of the
buck converter leads to the option of using a non-constant
power source while controlling the current that is fed to the
AMCSI.
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