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Abstract

This paper presents the design of a robust Active Dis-
turbance Rejection Controller (ADRC) for tracking
the reference trajectory of the output voltage of a
flying capacitor multilevel inverter. If the dynamics
of each flying capacitor and of the passive elements
of the filter are considered in the dynamic model of
the converter, it results a high order model, which
is difficult to control. PS-PWM modulation is used
in this work to keep the voltages in the flying capac-
itors at their nominal values, and thereby generate
a second-order simple dynamic model that is easier
to control. The simulation and experimental results
confirm that the controller is robust in the presence
of disturbances, caused by either linear or nonlinear
load changes. The experimental prototype of the com-
plete system was built, and the implementation of
the controller and the modulator was carried out in
a FPGA; the results obtained are shown in the final
part.

Keywords: Active Disturbance Rejection, Exact Lin-
earization, Flying Capacitors, Natural balancing,
Power converter, Robust Control.

Resumen

Este articulo presenta el disenio de un controlador me-
diante la técnica de rechazo activo de perturbaciones
para el seguimiento de la trayectoria de referencia
para el voltaje de salida de un inversor multinivel
de capacitores flotantes. Si en el modelo dindmico
del convertidor se consideran las dindmicas de cada
capacitor flotante, adicionalmente, las de los elemen-
tos pasivos del filtro de salida, el modelo resultante
es de un orden alto, lo que dificulta su control. En
este trabajo se emplea la modulacion PS-PWM para
mantener los voltajes en los capacitores flotantes en
sus valores nominales y de esta manera poder generar
un modelo dindmico simple, que resulta ser més facil
de controlar. Los resultados de simulacién y experi-
mentales, confirman que el controlador es robusto a
perturbaciones provocadas por cambios en la carga,
sin importar si son de tipo lineal o no lineal. Se realiz6
la construccién del prototipo experimental del sistema
y se implementé el controlador y modulador en un
FPGA y en la parte final se muestran los resultados
obtenidos.

Palabras clave: balanceo natural, capacitores
flotantes, control robusto, convertidor de potencia,
linealizacién exacta, rechazo activo de perturbaciones.
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1. Introduction

Electric power may be available in two modes: direct
current (DC) or alternating current (AC). There are
applications where it is required the transformation
from one mode to the other, and such conversion is
carried out by a device known as power converter; for
example, the AC-DC transformation is performed by
a converter called rectifier, and the DC-AC conversion
is carried out by a converter called inverter [1]. The
power converters are built with commutation devices
and passive elements such as capacitors, inductors,
diodes and transformers. In general, the power that
the converter is capable of delivering is limited by
the current and voltage ratings of its switches and
commutation devices.

Even though an inverter should ideally produce a
sinusoidal voltage in traditional applications of alter-
nating current (to achieve better efficiency and low elec-
tromagnetic interference, among other advantages [2]),
they are only capable of producing rectangular waves
(i.e., with three levels). With the rise of multilevel
inverter topologies, it was possible to generate volt-
age waves with multiple levels, which are more similar
to the ideal sinusoidal wave. The most well-known
topologies of multilevel converters are: cascade cells,
diode clamped and flying capacitor [3]. The first topol-
ogy mentioned consists of a series connection of H-
bridges and requires isolated voltage sources for each
of the cells, while the last two require only one voltage
source [4].

The topology of flying capacitor multilevel convert-
ers (FCMC) has demonstrated to be an excellent choice
in applications where high power density is required [5].
The structure of a FCMC consists of power cells. Each
power cell is constituted by a pair of switches and a
flying capacitor. The number of levels at the output
of the FCMC may be increased by adding more cells
to the FCMC, but more capacitors and switches are
required. Each flying capacitor should be charged to a
particular nominal voltage. Depending on the state of
the cell switches, the flying capacitor will or will not
supply its voltage at the output of the converter.

For the correct operation of the FCMC, a balanced
distribution in the voltages of the flying capacitors
should be maintained: each of them should maintain a
nominal voltage equivalent to a fraction of the total
voltage of the DC bus divided between the number of
cells. Two independent processes known as precharge
and balancing (or regulation) of the voltages in the
flying capacitors, are carried out to achieve a correct
operation of the FCMC.

For the case of the precharge, some reported meth-
ods may be found in [6] and [7]. On the other hand, the
balancing of the voltages in the flying capacitors may
be carried out passively and actively. The natural or
passive balancing utilizes a modulation technique com-

monly called Phase Shifted-PWM (PS-PWM). This
modulation technique is employed to generate the com-
mutation states that form the desired output voltage
signal and, at the same time, it maintains an average
net charge equal to zero in the flying capacitors.

The aforementioned passive balancing technique is
easy to implement, but it does not guarantee that the
voltages of the capacitors reach their nominal values,
because the components utilized in the construction
of the FCMC regularly have non-ideal conditions, i.e.:
unequal leakage currents in the capacitors, asymmet-
rical charge and discharge in the capacitors and load
disturbances, among others [8]. On the other hand, in
active balancing the voltage of the flying capacitors is
individually regulated. This approach requires the use
of a voltage sensor for each of the flying capacitors as
shown in [9] and [10], or estimating them by means of
observers as it is considered in [11].

A necessary control task in power converters is
supplying an output voltage of constant amplitude,
regardless of the effective load resistance. For the case
of the DC-AC converter it is desired that the output
tracks a reference voltage despite the disturbances that
occur due to changes in the load current or in the input
voltage [12]. A feedback control system is required for
these tasks to be carried out precisely. Voltage tracking
in multilevel inverters has been addressed using differ-
ent control techniques. Different control schemes have
been employed for the cascade cells topology, which
include: passivity-based controller [13] and generalized
proportional integral tracking control [14]. Voltage
tracking for the flying capacitor topology has been
carried out in [15] and [16]. In [15], each appropri-
ate commutation state is generated to produce the
desired output voltage, using an algorithm that does
not require an additional modulation nor the model
of the converter. In [16], the authors state that the
tasks of voltage balancing and voltage reference track-
ing are coupled, which becomes a serious problem in
high bandwidth and high precision applications. They
emphasize in the decoupling of these tasks by means
of two techniques: feedback linearization and a vari-
ant of vector space modulation. Proportional-integral
(PI) and linear quadratic regulator (LQR) controllers
are applied for voltage tracking, and simple propor-
tional (P) controllers for balancing the voltages in the
capacitors.

The objective of the present work is the tracking
control of a sinusoidal reference signal applied to the
output voltage of a FCMC. The PS-PWM modulation
is responsible for the task of balancing the voltages
in the flying capacitors. This enables avoiding the use
of multiple voltage sensors, and reducing the com-
plexity of both the converter dynamic model and of
the controller implementation. The controller is based
on the Active Disturbance Rejection Control (ADRC)
technique.
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Section 2.1 describes the components of the system:
controller, modulator and power converter. The aver-
age dynamic model of the FCMC is obtained in section
2.2. The exact linearization of the FCMC model is car-
ried out in section 2.3. The design of the ADRC-based
controller is presented in section 2.4. Section 3 shows
the results of the cosimulation carried out in Matlab-
Simulink/PSIM, where it is analyzed the effectiveness
of the controller before the experimental construction,
the experimental results are shown in section 4 and,
at last, the conclusions are presented in section 5.

2. Materials and methods

FCMI

Veo ({ \;I;D; Vca

I 5 0 0 D
TITTTTTTTTT

[ Ps-PWM Moduiator |

Linear or
nonlinear
load

IPrechargel I ADR Controller Iﬂ-

Figure 1. Block diagram of the system.

Figure 1 shows the complete system which is de-
scribed in the following. From a direct current voltage
source, Vop, the FCMC synthetizes at the output a
signal with multiple voltage levels based on PWM.
Such output voltage is processed by a low pass LC
passive filter, with the purpose of attenuating the high
frequency components of the PWM signal and, at last,
obtaining a voltage signal purely sinusoidal at the
output of the filter. The active disturbance rejection
controller feedbacks the voltage signal of the filter and
compares it against a sinusoidal reference signal, of
frequency 60 Hz and variable amplitude; the reference
or modulating signal is employed for the PS-PWM
modulator. During the firing of the FCMC the flying
capacitors are discharged, and therefore, the correct
voltage, or nominal voltage, in each of them is estab-
lished by means of the precharge process.

Initially, a resistive load with known value is con-
nected in parallel with the capacitor C of the output
filter, and at a given time a linear or nonlinear load is
added to the system as an external disturbance.

The FCMC is shown in Figure 2, which consists
of multiple power cells connected one after another.
Each power cell (except the one connected to the DC
bus) contains a pair of power switches and a flying
capacitor.
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Figure 2. Topology of the flying capacitor multilevel in-
verter (FCMI).

For example, cell 1 is constituted by switches S1,
S1 and by capacitor C'1. Six cells are required to obtain
seven voltage levels; including the level corresponding
to OV. Each flying capacitor of the ith cell, should be
charged and should be maintained at a nominal volt-
age Vi, which may correspond to any of the following
values: VCD/67 2VCD/6, 3VCD/6, 4VCD/6, 5VCD/6.

Individually, each switch of the converter may be
closed (ON) or open (OFF). For the purpose of avoid-
ing short circuits in the cells, the switches of each cell
should operate in a complementary manner, and con-
sequently never should remain closed at the same time;
this condition is guaranteed using a delay time be-
tween commutations. In the flying capacitors topology,
as well as in other multilevel topologies, a particular
level of voltage may be obtained with different com-
mutation states, which are called redundant states.
In the topology of half-bridge FCMC of seven lev-
els, the following voltage levels may be obtained at
the output: —3Vep /6, —2Vep /6, —Vep /6, 0, Vep /6,
2Vep /6, 3Vep /6.

2.1. Average dynamic model

Applying Kirchhoff’s current law to the FCMC shown
in Figure 2, the following set of equations for the cur-
rents in the flying capacitors is obtained:

dv .

Cy djl = ZL(dz - dl)
dv .

Cy djz = ZL(ds - d2)
dv .

Cs dC3 =ir(ds —d3) (1)

t

dv .

Cy d? =ir(ds — da)
dv .

Cs djs =1ir(ds — ds)

where iy, is the current through the inductor of the
output filter, C; is the capacitance of the capacitors
of the FCMC, d; represents the duty cycle of the S;
switch and ve; are the voltages in the flying capacitors,
with i = {1, 2, 3,4, 5}.

The output voltage of the FCMC of Figure 2 is
measured from node va with respect to ground and
is called v,y, which is determined in the following
manner:
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d2) + vea(da — ds) + ves(ds — da)+

1%,
vea(ds — ds) +ves(ds — ds) + Vepds — sl

2
(2)

Van = vo1(dr —

The PS-PWM modulation generates the PWM sig-
nals for each pair of switches of the cells of the FCMC.
Figure 3(a) shows some cycles of the carrier signals C'1
to C6, which are triangular signals with amplitudes
that take values in the interval [—1, 1] and frequency
fe, 60 degrees out of phase. The frequency of the carri-
ers is greater than the frequency f,, of the modulating
signal, and consequently it is common to define a mod-
ulating index fe > ... In this work, a modulating
index 4,, = 40 was employed. For the case of the mod-
ulating signal ug,, its amplitude takes values in the
interval [—1,1] and has a frequency f,, = 60 Hz.

Each carrier signal is compared with the modulat-
ing signal to obtain the PWM signals, as can be seen
in Figure 3(b), producing the PWM signals named as
Va — V¢, which have the same duty cycle d.

Applying this signal to the FCMC of seven levels,
all switches have the same duty cycle, i.e.:

di=dy=ds =dy =ds =dg = d (3)

According to equation (1), the variation of the av-
erage voltage in each flying capacitor is zero when all
duty cycles, di to dg, are equal. Therefore, the dy-
namics of the voltages (1) in the flying capacitors can
be considered as constant, and their derivatives equal
to zero. This is the reason why the dynamics of the
capacitors may not be considered in the average model
of the FCMC.

On the other hand, there is a relationship between
the duty cycle d and the modulating signal ., which
is expressed as d = “‘/‘ 2 4+ 0.5. Considering this and
substituting (3) in (2), the output voltage V,n can be
expressed as follows:

Vep

VagN = VCD(d) - 2 - Tuav

= Fugy (4)

where F is the voltage of each of the capacitors Cbl
and Cb2, whose value is Vpe /2. Equation (4) enables
seeing the FCMC of seven levels in a simplified man-
ner, as a multilevel converter «reducer» with a supply
voltage source Fug,, (where E = Vop/2), a low pass
LC filter and a varying load, as shown in Figure 4.

0*1 ?2 ?3 C4 ?5 €6 Modulating signal
|

0,5

Va

\ ! Vb!
—Vc

—Vd

—— Ve
— Vf

Figure 3. PS-PWM modulation: (a) Carriers of the mod-
ulation; (b) Duty cycle in the generated PWM channels.

Llnear or
nonlinear
Ioad

llR

%

Figure 4. Simplified model of the flying capacitor multi-
level inverter.

Considering the above, the second order average
model of the FCMC can be expressed as in (5):

0
% = —U¢ + Euav
t (5)
ce . v
a 'R

The control input uy, represents the PWM modu-
lating signal, which can take values in the continuous
interval [—1, 1]. The term v¢ is the voltage in the fil-
ter capacitor. The current that circulates through the
switches and through the output inductance is iy, L
and C' are the values of the inductance and capacitance
of the filter, respectively.

2.2. Exact linearization of the model

The FCMC system previously described is linear, Sin-
gle Input-Single Output (SISO) and, as it was men-
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tioned above, of reducing nature. Regrouping the
model shown in equation (5) to be expressed in its
nonlinear affine form, yields:

&= f(x) +g(x)u

where:

_Yc
(iL _ch> ) g(l‘)
C RC

= ()= ()

As it is widely described in [17], the output func-
tion that enables exact linearization of the nonlinear
system (6) is given as:

and:

h(z) = ve (7)

The relative degree r of the nonlinear system (6)
is obtained by means of the successive calculation of
the Lie derivatives:

LgL5h(z) =0 (8)

until finding the Lie derivative that satisfies:

Ly L h(z) #0 (9)

where k < r—1,Vz € Q. The calculated Lie derivatives
are:

O[Lyh(x)]
ox

_ £
" IC

- 4 (%)
(11)

Since (11) is different than 0, the relative degree r
of system (6) is equal to 2. The transformation of
coordinates x to z is carried out by means of:

()= (")

In order to verify if ® is a diffeomorphism, it is verified
the nonsingularity of the Jacobian matrix, given by

0z 9z 0 1
o)1 L)
Oxq Oxo C RC

LgL}h(x) = g(z)

z = ®(x) (12)

0®(x)
ox

Jo=

It can be shown from (13) that Je is nonsingular
for any x, and consequently the coordinate transfor-
mation is valid. The coordinate system z is expressed
as:

zZ1 = V¢
1 1 (14)
Z9 = CZL RCUC

The original system (6) is transformed into the lin-
earized system in the Brunovsky normal form, as shown
in the following:

21:,22

Zo =a(z)+ B(x)u=v (15)

where:
o(#) = (gams ~ 7500 — cazin (16)
B(x) = LyLbh(@) = - (17)

Variable v is an auxiliary control law whose expression
will be stated later and will define the desired tracking
dynamics of the system. The control law is obtained
solving (15) for u, as follows:

v —ax)
Blx)
The model of the FCMC shown in (5) considers a
resistive load R of known value, but since the inverter
is subject to loads of varying nature, the load current
17, will change its value depending of the load, thus
causing disturbances in the output voltage of the in-
verter. As can be seen, the control law of Equation (18)
requires the value of a(x), which in turn requires the
measurement of iy,. A way to avoid using the current

sensor is proposed in the following.

(18)

u =

2.3. Design of the ADRC controller

Based on the ADRC approach with extended state ob-
server, a Linear Extended State Observer (LESO) [18]
is designed, making the following assumptions:

1. It is only measured the flat output F' = v¢.

2. The nominal values of the parameters L,C, R, E
are known.

3. The control input u,, is available.

=~

The disturbance function a(z) is unknown, but
it is considered as bounded.

5. The estimated variables of the flat output and its
derivative are denoted as F} = F and F,=F.



Aguilar-Lopez et al. / Control for the output voltage on a flying capacitor multilevel inverter

73

6. The estimated variables of the disturbance func-
tion and its derivative are 71 = a(z) and 1y =

—

a(x).

The LESO observer is designed from (15) and is
defined as follows:

Fy=F+X\(F - F)

F, =+ B(x)u+ A2(F — F1)
m o= n2+ M\ (F — F)

ne = Xo(F — F1)

(19)

The set of coefficients g, A1, A2, A3 are constant values,
and are chosen by means of a fourth order Hurwitz
polynomial:

)\0 = wi
A = 4¢w3
1= AGwn (20)
Ao = 202 + 4¢%w?2
A3 = 4Cwy,

The ADRC control is designed from (18) and (19),
where the estimated values of the LESO observer are
adapted to the auxiliary tracking controller:

U:Fgfkl(Fgfzg)fko(Ff 721) (21)
where the tracking signals are:
F} = Asin(wpt)
Fy = —A x wy, cos(wpt) (22)

Fy = A(wp)? sin(wpt)

with w, = 27 f and f = 60 Hz.
The control law based on the ADRC technique is stated
as follows:

_v=m
“= B 28)

In (22), 11 represents the estimated value of a(z), i.e.,

m = &(z). The coefficients ko, k1 are constant values,
chosen by means of a second order Hurwitz polynomial,
as shown in the following:

ko = w),
0= tne (24)
kl = 2<cwnc

3. Simulation of the system

The simulation of the system was performed us-
ing the SimCoupler module and was carried out

through a cosimulation between PSIM 9.0 and MAT-
LAB/Simulink. The controller is constructed in MAT-
LAB/Simulink, as shown in Figure 5. On the other
hand, the precharge circuit and the elements of the
multilevel inverter (output filter, PS-PWM modulator
and the control for load changes) are constructed in
PSIM, as shown in Figure 6. Therefore, the controller
processing is carried out in MATLAB/Simulink and is
coupled to PSIM through the SimCoupler module; the
value of the coupled control signal is called u4,, which
is received by the PS-PWM modulator as duty cycle
to perform the control action on the FCMC output.

N e e e ————————— :
Uav curenté
HILTER
> prrd
curent

n
(o]

[Fd] Vreferet Nt

From42 £0s_ouT

Ssturstion control signal

Product1

emorV

(a)
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Integrator2 Alpha Estimsted
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(b)

Figure 5. MATLAB/Simulink: (a) ADRC control and (b)
LESO Observer.

For all passive components employed, plate nom-
inal values were considered with a tolerance of 20 %
for capacitors and of 10 % for resistors and inductors;
therefore, for the multilevel converter the following
values were used: Coapi..caps = 10 puF'; the DC bus
capacitors have a value of Cpc = 1000 puF'. The values
of the elements of the output filter are Cp = 4.7 uF,
Lr =7mH and Ry, = 100 Q2. The voltage reference
signal is equal to Vd = Asin(27f), the tests were
conducted for a desired amplitude A = 80 V and a fre-
quency f =60 Hz. On the other hand, the PS-PWM
modulation utilizes carriers with frequency 2.4 kHz.
The value of the parameters for the LESO observer
Ao, A1, A2, Ag are calculated with w, = 30000 and
¢ = 0.707. The parameters of the controller kO and
k1 are calculated with wy,. = 3000 and (. = 0.707. In
both cases the poles are located in the left side of the

complex plane, in order to guarantee the stability.
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Figure 6. (a) Multilevel inverter, (b) LC filter at the out-
put and load change control, (¢) PS-PWM modulator and
load changes activation.

In order to verify the robustness of the ADRC con-
troller in the presence of sudden load changes, two
types of tests were conducted: for a first test, an addi-
tional R — L load, with nominal values Ryp1 = 80
and Ly = 7 mH, is added at the output of the in-
verter, after the filter. The result of the simulation
is shown in Figure 7(a), where it can be seen that
when the load change occurs, the current iy increases
its value, and the LESO estimator together with the
ADRC controller update the control signal u,,, en-
abling that the capacitor voltage retakes the reference
trajectory again.
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Figure 7. Simulation results: (a) With additional R — L
load, (b) With additional load constituted by a bridge of
diodes and a resistance.
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416 417 418

The second test consisted in adding a nonlinear
load constituted by a bridge of diodes together with
a resistive load of 40 2. Figure 7(b) shows the result
of the simulation, where it can be seen that adding
the nonlinear load produces a significant transient de-
viation of the capacitor voltage from its sinusoidal
reference, which is similarly corrected by the action of
the LESO estimator and the ADRC controller.

Figure 8 shows the result of the simulation with the
controller, of the behavior of the voltage in the flying
capacitors during the load changes implemented in the
previous tests. The precharge of the flying capacitors
is carried out according to the work presented in [7],
where a time interval of t = [0 — 2Js is proposed. In
the presence of load changes, it is seen that the aver-
age voltages of the flying capacitors are maintained
at their nominal values; the ripple increases, and is
larger when the nonlinear load of diode + resistance
is connected. To validate the effect of the controller
on the output voltage ve, two simulation tests were

conducted, the first test without controller, only with
the PS-PWM modulator; the result of this test can be
seen in Figure 9(a). In the second test the proposed
controller is utilized, and the result is shown in Figure
9(b). In this test the voltage ve of the capacitor re-
mains without changes or changes hardly perceptible
close to the reference. At this point, and analyzing
the aforementioned figures, it can be argued that the
PS-PWM modulation for itself would not be capable
of maintaining the output voltage.

PRECHARGE Resistive load R=1000hms

Load change R-L (R=80 Ohms y L=7mH)

N
N Y

Load change
R=1000hms
NonLinear

Voltage (V)

Time (sec)

Figure 8. Simulation result of the voltages in the flying
capacitors during the precharge, normal operation and load
changes.

PRECHARGE Resis e R-L (R=80 Ohms y L=7mH) Load

. i \ \

Voltage (V)

Time (sec)

(a)

PRECHARGE Resistive load R=1000hms Load change R-L (R=80 Ohms y L=7mH) - Load change nonlinear

Voltage (V)

L 1 T
0 1 2 3 4 5 6

Time (sec)
(b)

Figure 9. Simulation results for the output voltage vc:
(a) With load changes and only the PS-PWM modulator,
(b) With load changes and applying the controller + LESO
estimator.
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4. Experimental results

In order to verify the simulation results, the implemen-
tation of the system was carried out which consisted of
two main parts: the first comprises the construction of
the multilevel converter prototype and of the auxiliary
systems for its operation; the description of this system
is shown in Figure 10.

The second part is the implementation in a FPGA
of the algorithms of the ADRC controller and the PS-
PWM modulator. In [19] it is recommended to follow
the top-down methodology, which is very appropriate
to implement algorithms in reconfigurable logic de-
vices, and has been used with excellent performance
n [14] [20-22]. In order to carry out the implementa-
tion the software Xilinx ISE 14.7 was utilized, and the
coding was made in VHDL without using any high
level tool based on blocks or code generation, and the
internal elements of the FPGA were utilized, such as

BRAM memories and embedded multipliers, to op-
timize the use of the device internal resources; the
design which was made is shown in Figure 11. It is
worth mentioning that the 32-bit simple floating point
numerical representation, according to the IEEE-754
standard, was utilized for the necessary arithmetic
operations, and a sampling time of 10 us was achieved.

For evaluating the performance of the controller,
two types of tests were carried out just like in simula-
tion: open-loop and closed-loop. Linear and nonlinear
load changes were made in both cases, to verify the
performance of the proposed controller.

The prototype was initially tested to verify its cor-
rect operation, and the result of this test is shown in
Figure 12. The output with seven levels taken before
the output filter can be seen in Figure 12(a); Figures
12(b) and (c) show the sinusoidal output after the LC
filter for the supplied voltage and current, respectively.

Figure 10. Developed prototype of the seven levels flying capacitor multilevel inverter: (a) Development board based
on FPGA (Nexys-2), (b) Multilevel inverter, (c) Isolated sources for gate drivers and instrumentation, (d) Control of
the precharge of capacitors and of the load change at the output, (¢) Main DC source, (f) LC filter at the inverter
output, (g) Loads at the inverter output (200 W), (h) Isolated measurement probes.
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Figure 11. Implementation in the FPGA device: (a) Proposed block diagram, (b) Designed architecture for the

execution of the control algorithm and LESO.
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Figure 12. Shapes of the output waves obtained from the
experimental prototype: (a) Multilevel output voltage of
7 levels before the LC filter (Vpwar), (b) Output voltage
after the LC filter (Vi), (c) Current supplied to the load
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A test with a power quality meter (Hioki 3197) was
carried out to validate the harmonic content of the
inverter output wave; the result is shown in Figure 13,
where it is observed a high quality of the output wave,
both in voltage (T HD,,) and current (T'HD;).
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Figure 13. Result of the TH D, and T'H D; measurement
at the output of the multilevel inverter.

As a result of the open-loop test, Figure 14 shows
the results of three aspects that are considered im-
portant: the control signal (uav), the converter out-
put voltage (vo) and the voltage of the capacitors
(Vei...os). As it was previously mentioned, linear and
nonlinear load changes were carried out. Figure 14(a)

shows the value of the control signal with a fixed am-
plitude after the precharge with a value w4, = 0.85,
which is equivalent to a reference value of the output
voltage Vo = 85 V, as can be seen in Figure 14(b)
when the system is subject to sudden load changes.
It can be clearly observed in this figure that during
transients, the voltage amplitude is affected, since it
decreases. It is observed in Figure 14(c) that the bal-
ance of the capacitors is nominally maintained inside
their working zone, but an increase in the ripple of
each of them can be seen when load changes occur.
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Figure 14. Plots of the experimental results obtained in
open-loop in the presence of different load changes: (a)
Control signal (uqv), (b) Inverter output voltage after the
filter (V), (c) Voltage in the flying capacitors Vei...cs.

The closed-loop test was carried out under the
same procedure used for the open-loop test. Figure
15(a) shows the result of the control signal; after the
precharge period, an initial value ug4, = 0.85 is es-
tablished for a reference value of Vo = 85 V', and in
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the same figure it can be seen the action of the con-
troller (variable w4, ) during the sudden connection of
loads. Figure 15(b) shows that the amplitude of the
output voltage does not vary when the load changes
are performed. Figure 15(c) shows the voltage of the
capacitors, which maintain the balance and only a high
frequency increase is observed in each of them.
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Figure 15. Plots of the experimental results obtained in
closed-loop with the ADR¢ controller, in the presence of
different load changes: (a) Control signal (44 ), (b) Inverter
output voltage after the filter (V¢), (c) Voltage in the flying
capacitors Vo1, .cs.
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5. Conclusiones

In general, it is observed that reducing the complex-
ity of the FCMC model considerably helped in other
aspects such as the reduction in the computation ca-
pability necessary to process the controller, reduction
of the processing time and requiring less sensors in the
prototype.

On the other hand, it can be stated that it is nec-
essary that the PS-PWM modulation maintains the
balance of the 12 voltages of the flying capacitors for
the ADRC control to work appropriately, i.e., so that it
performs the tracking of the reference voltage, but the
PS-PWM modulation is not capable of maintaining
the desired output voltage at its nominal value in the
presence of disturbances in the load current.

By adding the ADRC controller, the control task
is carried out in an effective manner. The ADRC con-
troller and the LESO observer effectively manage the
current disturbance, and consequently the controller
may be considered as robust in the presence of ex-
ternal disturbances produced by linear and nonlinear
load changes. The voltage signal in the filter capaci-
tor effectively tracks the imposed reference, except for
transient deviations that are quickly minimized by the
controller. It should be considered that in the case of
unbalance of the capacitors, the ADRC control is not
capable of tracking the reference voltage.

The use of the programmable logic device for imple-
menting the system, as can be observed in experimental
tests, contributed to obtaining very good results, espe-
cially in terms of speed of execution of the algorithm
and attention to disturbances. It was verified that the
multilevel inverters have among their main features a
high quality in the output wave (THD, <5 %, as re-
quired by the IEEE-519 standard), and that the flying
capacitor topology is a recommended choice among the
other existing multilevel structures, since it requires
only one DC source.
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