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Real-Time Lagrange-Polynomials Selective
Harmonic Elimination for Unbalanced
Five-Level Inverters

Concettina Buccella
Antonino Oscar Di Tommaso

Abstract—The effects of DC source voltage unbalance on the
CHB inverter, if not properly managed, reduce the efficiency of
the whole power system and generate unwanted harmonics in the
output voltage with increased THD. In this paper, an SHE tech-
nique operating at the fundamental frequency has been proposed
for unbalanced five-level CHB inverters to fix the amplitude of
the fundamental harmonic, set the amplitude of the lower order
harmonics to zero and achieve high efficiency performance. A
preliminary off-line graphical approach was used to determine the
switching angles at some modulation index values. Subsequently,
a real-time interpolating Lagrange polynomial-based approach is
proposed to obtain a continuous modulation index range. The study
has been preliminarily analyzed in a simulation environment and
subsequently validated experimentally.

Index Terms—Power quality, efficiency, total harmonic distor-
tion, multilevel inverters.

1. INTRODUCTION

ULTILEVEL Power Inverters (MPIs) are an innovative
and attractive solution for power conversion applications
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such as medium to high power motor drives, active power filters,
reactive power compensation and renewable energy systems [1].
Compared to conventional two-stage voltage source inverters
(VSIs), MPIs offer better harmonic behaviour with reduced total
harmonic distortion (THD), reduced conduction and switching
losses, reduced dv/dt stress, reduced electromagnetic interfer-
ence (EMI) and fault tolerance. The performance of MPIs is
strictly dependent on the modulation strategy adopted, which
allows the switching angles to be determined. More specifically,
switching and conduction losses are a very challenging issue
due to the high blocking voltages and commuted currents in
high power medium voltage (MV) applications where thermal
constraints of semiconductor devices impose limits on total
device losses. Therefore, low switching frequency modulation
techniques are required to achieve high device utilization and
higher converter efficiency [2]. In general, classical Selective
Harmonic Elimination (SHE) and Selective Harmonic Mitiga-
tion (SHM) techniques operate at the fundamental switching
frequency and are used in medium and high voltage applications
where high-efficiency converter operation is required, such as
drives [2], [3], [4], [5] and distributed generation [6], [7], [8],
[9], [10]. This type of algorithm allows the elimination of lower
order harmonics, the number of which is a function of the MLI
hardware structure and, in the case of the CHB inverter structure,
afunction of the cascaded H-bridges. Although SHE PWM tech-
niques can eliminate a greater number of harmonics [11], they
operate at a higher switching frequency than the fundamental and
are therefore not always suitable for high-efficiency operation.
The challenging aspects of SHE algorithms are related to the
problem formulations, the associated nonlinear transcendental
equations can be solved by iterative approaches [12] and opti-
mization methods or evolutionary algorithms [13].

When low-level topologies are considered, analytical solu-
tions can be found [14]. The iterative approach, such as the
Newton-Raphson (NR) algorithm, can be used to determine the
switching angles, but the convergence of the method depends on
the initial values, which are initially unknown, and the solution
could be divergent. Artificial Intelligence (AI) based algorithms
(Genetic and Particle Swarm Optimisation algorithms) are diffi-
cult to implement and have high computational costs [15], [16],
[17]. Analytical methods can be computationally efficient: the
transcendental equations can be approximated by polynomial
equations and solved mathematically in closed form [18]. In this
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article, a SHE approach operating at the fundamental frequency
is proposed and applied to a three-phase, five-level cascaded H-
bridge (CHB) inverter with unbalanced DC sources. Normally,
the operation of CHB multilevel inverters with unbalanced DC
sources generates unwanted harmonic components on the output
voltage [19]. In this context, the main issues related to the appli-
cation of SHE approaches are related to the choice of a method to
solve the equations, its real-time applicability and its extension
to a wider modulation index interval. In [20], the authors present
an approach based on a hybrid Newton-Raphson method to solve
the SHE equation without equal DC sources. The authors use the
notch angles determined for equal DC sources also for unequal
DC sources, then the content of lower order harmonics increases
as well as the voltage THD. In [21], the authors use a generalized
pattern search optimization method for harmonic elimination in
5- and 7-level inverters with equal and unequal DC sources.
The performance of the proposed method is compared with that
of a genetic algorithm. The main drawback is related to the
complex implementation and its computational cost. In [22],
the influence of the optimal DC source has been studied and
its significant role in the effective harmonic elimination and
the satisfaction of the desired fundamental harmonic value has
been demonstrated. In order to address the main issues related to
the computational burden of the SHE method and its harmonic
cancellation effectiveness for unbalanced CHB inverters, a SHE
technique operating at the fundamental switching frequency to
reduce the power losses is proposed based on the following steps:
1) identification, by choosing some modulation indices, of
the switching angles (solutions) depending on m, by
graphical approach

2) constructing an analytical formula of the switching angles

as a function of the modulation indices, based on the
Lagrange polynomial, valid in the interval of m in which
the solution exists.

The method can be extended to 7 and 9 level inverters; in
fact, it is necessary to have a plane or a three-dimensional
space of the switching angles, depending on the choice of m,
which allows the identification of the solution values. For the
7-level inverters, an angle is expressed with respect to the other
two, therefore the plane is identified. For the 9-level inverters,
one angle is expressed with respect to the other three and the
three-dimensional space is identified. Since low-level multilevel
inverters are adopted and proliferated in the main high-power
MYV industrial applications [23], such as electrical drives [3],
[24] and distributed generation [7], the analysis focuses on a
five-level configuration of CHB inverters. The main contribution
is related to the high efficiency operation and the elimination of
lower order harmonics resulting in a reduction of the filter size.

The advantage of the proposed method is that it avoids the
use of a look-up table, saving memory and returning the values
of the switching angles for any m within the interval in which
the solution exists. If a look-up table is used, for a given m in
the input not in the table, an error is made due to the approx-
imation of the angles to the nearest m, with the possibility of
not obtaining the performances of the method on the elimination
of harmonics [25], [26], [27], [28]. A preliminary investigation
of the effectiveness of the proposed graphical approach has been
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Fig. 1. Three-phase 5-level CHB inverter.

carried out by the authors on the simulation environment for a
wide choice of partitions of unequal dc voltage sources [29].
In this manuscript, the proposed SHE method has been deeply
improved and its effectiveness has been experimentally vali-
dated for a three-phase five-level CHB inverter, considering
the voltage partitions that allow to obtain the lowest values of
THD%. This paper is structured as follows: Section II presents
the mathematical framework of the proposed SHE approach.;
Section III discusses the application of the proposed SHE tech-
nique with particular reference to the graphical analysis and
the construction of Lagrange polynomials; Section IV discusses
the simulation results obtained; SectionV describes the test
bench setup and the experimental results obtained for validation
purposes. Finally, Section VI summarizes the main features of
the proposed SHE approach and reports the conclusions of the
study.

II. MATHEMATICAL FORMULATION OF THE PROPOSED SHE
METHOD

In this paper, three-phase five-level CHB multilevel inverters
are considered (Fig. 1), with two H-bridges fed by unequal
DC voltage sources V.;, ¢ = 1, 2 and a modulation technique
working at fundamental switching frequency (two switching
angles), is proposed to reduce the switching losses.

The proposed technique calculates the switching angles a;,
1 = 1, 2, which eliminate low order harmonics and return a fixed
fundamental harmonic amplitude. It works in two steps:

1) the first one is based on a graphical analysis of the implicit
equations and finds the switching angles, for some mod-
ulation index values, as intersection points of the curves
drawn;

2) the second one uses the interpolation polynomials on the
switching angles carried out in the previous step, to obtain
the switching angles for any modulation index within the
interest interval.

Given phase A, the Fourier series expansion, truncated to

2N — 1, of the inverter output phase voltage waveform is:

N

4
van (wh) = — > Hyysin ((2k — 1) wt) (1)
k=1
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TABLE I
PARTITIONS DEPENDING ON p

per unit length (p.u.)

Viaer — p1 Vi _ p2
p D1 D2 Vie = p Vae _1 P
1 p—1 1 p—1
g pp2
2 —2 2 p=2
p p p
even : :
r_1q 241
b _ D 2 2
2 1 2 +1 P P,
1 p—1 1 p—1
227 pp2
2 _ 2 p=2
p P '3
odd : : :
p—1 p+1 p—1 p+1
2 2 2p 2p

where Hjj,_ is the amplitude of the harmonic of order 2k — 1,
that can be expressed as:

4 2
Hypoy = ) > Vaicos ((2k = 1) as)  (2)
=1

w2k —1

The set of SHE equations to solve is:

%cos(a1)+%cos(a2)—m:0

3)

‘(;ﬁ;‘ cos (Say) + ‘(;{‘;2 cos (5a3) =0

Considering a real application with a storage system, in this
work a battery cell with anominal voltage of 4 V has been used as
a case of study. The required voltage is V. = Zle Vaei = 4p
with p > 0, integer number equal to the number of the battery
cell connected in series. Let V., = 4p; and V.o = 4p,, with
p=pi+pandp =1,2,..., 2 — 1 (if piseven) or 2! (if p
isodd)andpy =p—1,p—2,..., 5 +1 (ifpiseven)orpTJrl
(if p is odd), the possible partitions are shown in Table I. Table 11
summarizes, assuming p = 10, the switching angles obtained as
a function of modulation index and unequal DC voltage sources,
sorted with respect to the constraint 0 < o < ap < % In this
way, a generic harmonic amplitude H,;_; can be expressed as
a function of the voltage partition p; and p,, respectively, and
expressed in p.u. with respect to the V.. In fact, the amplitude
of the fifth harmonic H3; ;| can be expressed as:

HS = % Z%cos (5an) + %cos (5a) 4)
From equation (4), it is interesting to note that the amplitude of
the fifth harmonic depends on the control angles, «; and «;, and
on the voltage partition % and 22, According to the simulation
analysis carried out in [29], the voltage partition considered in
this study is £ = 0.6, 22 = 0.4 because it provides solution for
all considered modulation index and gives the best THD values
evaluated as:

THD = ®)
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TABLE IT
SWITCHING ANGLES OBTAINED WITH p = 10

m % %2 o7 [rad] an [rad]
09 0. ] 03276  1.0718
0.8 0.2 0.2898 0.8409
09 07 03 0.2413 0.7462
06 04 0.1758 0.6871
05 0.5 0.0149 0.6433
0.8 0.2 0.3631 1.3070
0.7 0.3 0.3635 1.0635
08 0.6 04 0.3227 0.9552
04 0.6 0.1348 0.8329
05 05 02572 0.8855
0.2 0.8 0.0683 0.8948
0.7 0.3 03785 1.4049
07 03 0.7 0.3045 0.9383
’ 06 04 0.4425 1.1653
04 0.6 0.3858 0.9896
05 05 0.4295 1.0578
0.1 0.9 0.5402 0.9626
02 0.8 0.6179 0.9929
06 0.3 0.7 0.6429 1.0308
’ 06 04 0.3855 1.4604
04 0.6 0.6369 1.0882
05 05 05739 1.2023

1) First Part of the Method: 1tisbased on a graphical analysis
and represents the system (3), written in implicit form and in p.u.,
as (6), in the plane a oy, and finds the solutions as the intersec-
tions of the curves Fj(ay, az) —m =0 and F>(«ay, ap) = 0.

P
By (o, az) = B cos (Sa) + B cos (Saz) = 0

{Fl (a1, ap) = & cos(al)—i—%cos(az):m ©)
The constraint 0 < o < ap < 7 is imposed.

2) Second Part of the Method: After the application of the
first part, based on the graphical analysis, the proposed method
involves the identification of the control angles as a function of
the modulation index. The idea is to construct two Lagrange
polynomials P, ,(m)k =1, 2, associated to each angle, of
degree v, where v + 1 is the number of modulation index values
considered, in which the switching angles have been obtained
graphically. It is well known that the Lagrange polynomials are
expressed as:

Pyi(m) = Y Li(m)ar (m;) ©)
=0

Py a(m) = li(m)as (m;) ®)
=0

H;‘):O,jyéi (m —my)
H;‘):O,j#i (m; —m;)
where my < my --- < m,, are the modulation index values at
which the switching angles have been graphically obtained. The

Ii(m) = ,i=0,....,v (9
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TABLE III
BEST CASES IDENTIFIED IN [29]

m % p?z a1 [rad]  azrad] THD [%]

09 06 04 0.1758 0.6871 9.86

0.8 0.6 04 0.3227 0.9552 11.80

07 04 06 0.3858 0.9896 12.99

0.6 04 06 0.6369 1.0882 16.29
TABLE IV

GRID CODES EN 50160 AND CIGRE WG 36-05

Odd harmonics Even harmonics

Not multiple of 3 Multiple of 3

n ln (%) no ln (%) n In (%)
5 6 3 5 2 2

7 5 9 1.5 4 1

11 35 15 0.5 6....10 0.5
13 3 21 0.5 >10 0.2
17 2 >21 0.2

19-23-25 1.5

>25 0.2432.5/n

switching angles as a function of m are:
ay,1(m) = Py1(m) + ev,1(m) (10)
(11

where e,, ;1 (m) and e, »(m) are the errors of Lagrange polyno-
mial, expressed as:

ay 2(m) = Pyo(m) + ey 2(m)

v+1

|ev,k(m)| < (my, —myg) (12)

(v41)!
where M is a positive number. In the proposed application
ay(m) is approximated with P, ;(m) and aa(m) is approxi-
mated by P, »(m). Of course, due to these errors, the obtained
resulting switching angles will be able to perform a significant
attenuation of the 5" harmonic instead of eliminating it.

III. APPLICATION OF THE PROPOSED METHOD

As previously described, the proposed method focuses on
the graphical analysis and the construction of the Lagrange
polynomials. However, a proper choice of the stress partitions is
necessary. In order to find proper values of the stress partitions,
several case studies with different stress partitions have been
addressed, as discussed in [29]. In detail, the graphical analysis
showed that there are solutions only in the range of modulation
index from 0.6 to 0.9. The authors also identified four best
cases, which are summarized in Table III. For the purpose of
investigation, the best cases summarized in Table III have been
analyzed in the frequency domain and the harmonics have been
compared with the limits of the EN 50160 and CIGRE WG 36-05
grid codes given in Table IV. In detail, the harmonic analysis of
the best cases is shown in Fig. 2 for each case of Table III.

It is interesting to note that the proposed method makes it
possible to eliminate the selected harmonic, in this case the fifth,
and also to reduce other harmonics. Moreover, in all cases the
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Fig.2. Comparison of the voltage harmonics spectra and grid codes EN 50160

and CIGRE WG 36-05.
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m

(b) Solutions obtained by interpolation for %1 = 0.6, %2 =04

Fig. 3. Obtained solutions.

seventh harmonic is also lower than the limits given in the EN
50160 and CIGRE WG 36-05 grid codes. The voltage partitions
chosen for this study are 21 = 0.6 and 22 = 0.4, which allow the
lowest THD% values to be obtained, as shown in Table III. The
graphical analysis is applied and the intersection points shown
in Fig 3(a) and summarized in Table V are identified. In detail,
Fig. 3(a) shows the valid solutions, marked with black dots,
obtained when % =0.6, % =0.4andm =0.9,0.8, 0.7, 0.6.
The other points of intersection (green dots) give the solutions
when % =04, % = 0.6, therefore, they are not valid. Consid-
ering the values given in Table III, the Lagrange polynomials of
the third order have been identified and expressed as:

) ~24.95m® — 61.235m? 4 48.489m — 12.0525 (13)
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TABLE V
SWITCHING ANGLES OBTAINED WITH %‘ =0.6, % =04
m o1 [rad] a2 [rad]
0.9 0.1758 0.6871
0.8 0.3227 0.9552
0.7 0.4425 1.1653
0.6 0.3855 1.4604

30

I
0.6 0.65 0.7 0.75 0.8 0.85 0.9

2 =04,

Fig. 4. THD% vs. modulation index for % =0.6, &

o~ —23.83m3 +543m? —43.272m + 13.024  (14)

Fig. 3(b) shows the control angle trends obtained by the
Lagrange approximation. In this way the control angles are
defined in a continuous range of the modulation index from 0.6
to 0.9. However, the fifth harmonic cannot be eliminated in the
whole range of the modulation index due to the approximation
strategy used. In the next section, a detailed simulation analysis
is reported where the results confirm the effectiveness of the
proposed method.

IV. SIMULATION ANALYSIS

In order to validate the effectiveness of the proposed method, a
detailed simulation analysis was carried out in MatLab/PLECS.
Specifically, a circuit model of a three-phase five-level CHB
inverter has been implemented and the simulation analysis was
focused on the harmonic analysis of the output voltage wave-
forms. The simulation was performed considering p = 20 which
results in a total voltage V. equal to 80 V. Therefore, the voltage
levels were set at V. =48 V (% =0.6) and Vg, =32 V
(% = 0.4). Fig. 4 shows the THD% trend, expressed in percent,
against the modulation index.

It should be noted that the lowest value of the THD%, lower
then 10%, was recorded for modulation index equal to 0.9.
Furthermore, the THD% values increase as the modulation index
decreases, with the maximum value being 27% for a modulation
index of 0.615. Fig. 5 shows the first voltage harmonic versus
the modulation index. The first voltage harmonic shows a linear
trend in the range of the modulation index considered. As is
well known, this is an interesting feature from a control point
of view, as it allows the use of common control strategies
using PI regulators. Fig. 6 shows the amplitudes of the lower
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Fig. 5. Fundamental voltage harmonic vs. modulation index.

N i
0.6 0.65 0.7 0.75 0.8 0.85 0.9

Fig. 6. Comparison among low-order harmonics vs. modulation index: fifth
(blue curve), seventh (orange curve), eleventh (yellow curve) and thirteenth
(purple curve).

voltage harmonics, from the fifth to the thirteenth, versus the
modulation index expressed as a percentage of the first voltage
harmonic. As previously described, the proposed algorithm is
set to eliminate the fifth harmonic. As shown in Fig. 6, the fifth
harmonic (blue curve) is eliminated only in accordance with
the modulation index values chosen for the construction of the
Lagrange polynomials. In the other points, the fifth harmonic is
significantly attenuated and can be considered negligible. Thus,
this result confirms the effectiveness of the proposed algorithm,
which shows a good attenuation of the selected harmonic in all
ranges of the modulation index. For the other harmonics, only
the seventh harmonic (orange curve) rises above 10% as the
modulation index decreases. The seventh harmonic reaches the
23% when the modulation index is equal to 0.635. In order to
demonstrate the effectiveness of the proposed method and its
higher accuracy, a comparative analysis has also been carried
out taking into account the linear interpolation. Fig. 7 shows the
comparison between the control angles and fifth harmonic values
obtained with the proposed Lagrange method (blue curve) and
the linear interpolation method (red curve). It should be noted
that the control angle trends show little difference between the
two different approaches. However, the proposed method allows
lower fifth harmonic values to be obtained, demonstrating its
superiority over linear interpolation.
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Fig.7. Comparison between the proposed Lagrange interpolation method and

linear interpolation method on the fifth harmonic elimination.

TABLE VI
MAIN PARAMETERS OF THE DIGIPOWER CHB INVERTER EMPLOYING
MOSFET IRFB4115PBF

Quantity Symbol Value
Voltage Viass 150 V
Resistance Rpson 9.3m
Current Ip 104 A
Turn on delay Thon 18 ns
Rise time Tr 73 ns
Turn off delay Tpoft 41 ns
Fall time Tr 39 ns
Reversal
Trr 86 ns
recovery
TABLE VII

MAIN DATA OF DC POWER SUPPLY RSP-2400

Section Quantity Value
dc Voltage 48V
Rated Current 50 A
Output
Rated Power 2400 W
Voltage rise time 80 ms (Max) at full load
Voltage range ac 180 — 264 V
Frequency range 47 — 63 Hz
Input .
Efficiency 91.5%
ac current 12 A/230 VAC

V. EXPERIMENTAL VALIDATIONS

In order to experimentally validate the proposed SHE method,
a test bench has been set up at the SDESLAB of the University
of Palermo. It consists of:

e a three-phase, five-level CHB inverter obtained by assem-
bling six H-bridges controlled by a control board using
an Intel-Altera Cyclone III FPGA programmed in VHDL
with 32-bit arithmetic. The whole system was designed
by DigiPower. The power rating of each H-bridge, using
power MOSFETs, is 5 kW, giving a total power rating of
30 kW. The main specifications are listed in Table VI;

® six RSP-2400 programmable DC power supplies, whose
main specifications are listed in the Table VII;
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6 x DC power supply RSP-2400

5
TT-TT TT It T1T J7T
3-phase 5-level DigiPower CHB inverter

Teledyne LeCroy

MDA 8038HD 7
o — \.‘i\ 3-phase Inductor 3 x Resistors
< ] - - -
— N

|\O‘ b\O‘ |\Q\

S
| | 1

>+

Fig. 8.  Schematic representation of the test bench.

® a passive electric load RL (constantan rheostats with R =
20 Q and L = 3 mH);

e a Teledyne LeCroy MDA 8038HD oscilloscope equipped
with Teledyne Lecroy HVD3106 A 1 kV, 120 MHz high
voltage differential probes and Teledyne Lecroy CP030 A
AC/DC, 30 A RMS, 50 MHz high sensitivity current
probes;

® two Yokogawa power meters (WT 330 and WT 130).

Fig. 8 shows a schematic representation of the implemented
system, including the measurement circuit. Experimental vali-
dation was carried out through a series of tests. In particular,
no-load and load tests with the RL load have been carried out
to validate the proposed approach by considering the phase
voltage THD% as a comparative quantity. Furthermore, the
FPGA hardware resources required by the proposed algorithm
are compared with those obtained by using algorithms based on
Look-Up Tables (LUTSs) that store the switching angles.

A. Harmonic Analysis

In this subsection a detailed analysis of the voltage harmonics
is reported. As shown in the simulation analysis, the THD%
values and the amplitudes of the lower harmonics were used as
comparison tools. As described in [29], several combinations
of control angles and voltage partitions have been identified
from the graphical analysis and the best cases are summarized
in Table III for each value of the modulation index considered.

Fig. 9 shows the experimental phase voltages, referred to the
star point voltage of the load, and the corresponding best-case
harmonic spectra. The voltage scale has been set to 50 V/div
with a time scale of 5 ms/div, while the harmonic spectrum has
been set with a voltage and frequency scale of 20 V/div and
200 Hz/div respectively.
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It should be noted that the fifth harmonic is eliminated in all the
cases considered, confirming the effectiveness of the proposed
method. Figs. 10 and 11 show the comparison of simulation
and experimental harmonic spectra; the red line represents the
harmonic limits of the grid codes (EN 50160 and CIGRE WG
36-05). The effectiveness of the proposed method is confirmed.
It is also interesting to note that the seventh harmonic is lower in
all cases with respect to the grid code limits, while the eleventh
harmonic is lower for modulation index values equal to 0.7 and
0.9. In terms of THD%, the experimental results confirm the
effectiveness of the proposed method, as shown in Fig 12. In
the second part of the harmonic analysis, the effectiveness of
the control angle evaluation with Lagrange polynomial approx-
imations was validated. Specifically, the third-order polynomial

2L — 0.6, % =0.4and m = 0.8.

P
0.7 0.8
m

Fig. 12.
cases summarised in Table III.

[EmSimulation
[EEExperimental

Comparison of simulation and experimental THD% values of the best
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approximation (7), (8), to evaluate «; and a» in real time has
been implemented in an FPGA-based control board. Thus, the
experimental validation has been carried out by considering
several values of the modulation index in the range [0.6, 0.9]
and by considering three values of the fundamental frequency:
50 Hz, 100 Hz and 150 Hz, respectively. Fig. 13 shows the
comparison between the simulation (blue curve) and the ex-
perimental results (crosses) in terms of THD% vs. modulation
index and fundamental voltage harmonic vs. modulation index.
The effectiveness of the proposed method in the considered
modulation index range and for each fundamental frequency
is confirmed. Fig. 14 shows the comparison between simulation
(blue curves) and experimental results (crosses) of the low order
harmonics, from fifth to thirteenth, vs. modulation index and for
each considered value of the fundamental frequency. It should
be noted that the experimental results show the same trend as the
simulated values. As expected, the fifth harmonic is significantly
mitigated and the relative value is below the grid code limit
(red line) in all ranges of the modulation index and for each
value of the fundamental frequency. It is also interesting to note
that other harmonics are also below the grid code limit only for
certain values of the modulation index. Again, the differences are
mainly due to the numerical approximation of the control angles.
Furthermore, the experimental analysis has been extended to
validate the comparison of the proposed Lagrange method with
linear interpolation. Fig. 15 shows the comparison between the
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simulation and the experimental results of the fifth harmonic
values obtained experimentally. It is interesting to note that
the experimental tests confirm the superiority of the proposed
method observed in the simulation analysis. In order to demon-
strate the effectiveness of the proposed method also for different
voltage inputs, additional experimental tests were carried out. In
detail, three sets of voltage inputs were considered, keeping the
same voltage partitions (2. = 0.6, £ = 0.4): Vye; =36 V and
Vdcz =24 V, Vdcl =48 V and Vdcz =32 V, and Vdcl =54V
and Vg = 36 V. Fig. 16 shows the experimental phase voltages
and corresponding harmonic spectra, obtained with the scope
for a modulation index value equal to 0.75, for different dc input
voltages. As shown in Fig. 16, the proposed method is applicable
for different values of the voltage input, obviously, it is necessary
to keep the voltage distribution % = 0.6, % =0.4.

B. Efficiency Analysis

As previously discussed, the purpose of the proposed algo-
rithm is to eliminate the fifth voltage harmonic. However, the
conversion efficiency plays an important role in high power ap-
plications. Using a passive load, the input DC power and output
AC power have been measured and the conversion efficiency
has been evaluated for different values of the modulation index
and for each value of the fundamental frequency considered.
Fig. 17 shows the trend of the conversion efficiency versus the
modulation index for each value of the fundamental frequency.
It is interesting to note that the conversion efficiency shows a
constant trend in all ranges of the modulation index and for each
value of the fundamental frequency. This is an interesting result
in all applications where a variable modulation index is required,
such as variable load/speed electrical drive applications, and
confirms the high efficiency inverter operation of the proposed
SHE method.

C. Dynamic Analysis

The dynamic analysis is concerned with measuring the total
execution time to obtain the desired output voltage by calcu-
lating the control angles in real time. The control algorithm,
properly designed for experimental validation, was implemented
in the DigiPower FPGA-based control board using the VHDL
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programming language. The FPGA is an ALTERA Cyclone
IIT and the control algorithm was developed in the Quartus II
environment. Fig. 18 shows a simplified block diagram of the
implemented control algorithm.

The Lagrange Polynomials block, clocked at 1 MHz, allows
the solution of the polynomial equations to calculate the control
angles «; and «;. This task is performed every 2 ps using 32-bit

Fig. 18.  Block diagram of the control algorithm implemented in Quartus II
environment.

signed integer variables, where the modulation index m is the
input variable and «; and « are the output variables, which are
computed in the same time. The Carrier Generator block returns
the reference gate signals in almost the same time, so, both blocks
are executed simultaneously. Note that their execution times
were estimated at an early stage by simulation analysis using the
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signal dynamic behaviour, (b) zoomed view.

ModelSim Altera environment, and then adopted in the actual
system. Finally, the Comparator and Dead-time block allows
the gate signals for the converter to be generated by adding a
dead time of 500 ns. The total execution time, measured when
imposing a step change of m from 0.6 to 0.9 is 5 us. Fig. 19(a)
shows the load phase voltage (blue curve), load phase current
(purple curve) and the trigger signal (cyan curve) which has been
used to locate the modulation index step change event in time.
Note that when the trigger signal changes state, the voltage also
appears to change abruptly at the same time. In fact, on this time
scale, the delay due to the execution time cannot be appreciated
and it is necessary to zoom in on the scope recording. In fact,
Fig. 19(b) shows the zoomed version of the same event in order
to evaluate with accuracy the delay between the trigger signal
and the effect of the modulation index change on the voltage.
This change coincides with the execution time of the algorithm
that has been evaluated by means of the vertical cursors and
is equal to 5.24 us, confirming the correctness of the value
estimated in ModelSim-Altera. In order to validate the stability
of the proposed method in the case of sudden load changes, an
additional dynamic load change test was carried out, capturing
the transient of the voltages and currents. Fig. 20 shows the
voltage and current transients for a modulation index m equal to
0.75 and a sudden load change. It should be noted that the system
shows the same voltage trends with the frequency spectrum, as
shown in the corresponding harmonic spectra before and after
the load change transient. The same result was obtained for the
other modulation index values.
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D. Hardware Resources Comparative Analysis

In order to demonstrate the superiority of the proposed ap-
proach, an experimental comparison has been carried out in
terms of hardware resource requirements of the FPGA-based
control board (Cyclone IIT - EP3C40Q240CS). In detail, the
comparative analysis is carried out by considering the proposed
algorithm, based on the resolution of Lagrange polynomials in
real time operation, and four different algorithms in which the
control angles are precalculated and allocated in a read only
memory (ROM), as shown in Fig. 21. In Fig. 21, the control
angles are precalculated with a resolution of 32 bits and four
different cases have been considered in terms of the number of
ROM addresses. In fact, the number of ROM addresses repre-
sents the discretization of the modulation index range, which
includes 4, 8, 16 and 32 values respectively. When comparing
Fig. 18 and Fig. 21, it should be noted that only the evaluation of
the control angles is different. The hardware requirements are
summarized in Table VIII for all cases considered. It is inter-
esting to note that although the proposed algorithm has higher
hardware requirements in terms of total logic elements, total
combinational functions and dedicated logic registers, the total
memory bit required are 0. This result confirms the superiority
of the proposed algorithm because the control angles can be
evaluated within the modulation index range where the solutions
exist, without using preallocated memory. Although the reported
memory values are not high compared to the available memory,
it should be noticed that for topologies with a higher number
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environment based on ROM.

TABLE VIII

HARDWARE REQUIREMENTS COMPARISON

Gate
signals

. Total combi- Dedicated Total
Total logic . .
national logic memory
Elements . . . .
functions registers bits [bit]
ROM 4 x 662 / 258 / 512/
. 662 / 39600
32 bit 39600 39600 1161216
ROM 8 x 662 / 258 / 1024 /
. 662 / 39600
32 bit 39600 39600 1161216
ROM 16 662 / 258 / 2048 /
K 662 / 39600
x 32 bit 39600 39600 1161216
ROM 32 662 / 258 / 4096 /
i 662 / 39600
x 32 bit 39600 39600 1161216
Proposed 1474 / 328 /
. 1473 /7 39600 0/1161216
algorithm 39600 39600

of levels, the LUT dimension increases significantly due to the
increase in the number of switching angles.

VI. CONCLUSION

A new SHE technique has been proposed for 5-level CHB
inverters supplied by unbalanced DC sources. The graphical
analysis has allowed us to find the switching angles for fixed
modulation indeces and, a third-order interpolating Lagrange
polynomial has been used to extend the proposed approach
to any modulation index within the interesting interval. The
performance of the proposed SHE technique has been analyzed
in simulation and several experimental investigations have been
carried out to show the effectiveness of the proposed approach. A
detailed dynamic analysis has been carried out by demonstrating
the optimal real-time operation of the proposed algorithm.

REFERENCES

[1] B.Singh, R. Kumar, and P. Kant, “Adjustable speed induction motor drive
fed by 13-Level cascaded inverter and 54-Pulse converter,” IEEE Trans.
Ind. Appl., vol. 58, no. 1, pp. 890-900, Jan./Feb. 2022.

[2] A. Edpuganti and A. K. Rathore, “A survey of low switching frequency
modulation techniques for medium-voltage multilevel converters,” IEEE
Trans. Ind. Appl., vol. 51, no. 5, pp. 4212-4228, Sep./Oct. 2015.

[3] A. Poorfakhraei, M. Narimani, and A. Emadi, “A review of modulation
and control techniques for multilevel inverters in traction applications,”
IEEE Access, vol. 9, pp. 24187-24204, 2021.

[4] A.F. Abouzeid et al., “Control strategies for induction motors in railway
traction applications,” Energies, vol. 13, 2020, Art. no. 700.

[5] J. Rodriguez, S. Bernet, P. K. Steimer, and I. E. Lizama, “A survey on
neutral-point-clamped inverters,” IEEE Trans. Ind. Electron.,vol.57,n0.7,
pp- 2219-2230, Jul. 2010.

[6] R. P. Aguilera et al., “Selective harmonic elimination model predictive
control for multilevel power converters,” IEEE Trans. Pow. Electron.,
vol. 32, no. 3, pp. 24162426, Mar. 2017.



6420

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 60, NO. 4, JULY/AUGUST 2024

C. Buccella, C. Cecati, M. G. Cimoroni, G. Kulothungan, A. Edpuganti,
and A. Kumar Rathore, “A selective harmonic elimination method for
five-level converters for distributed generation,” IEEE J. Emerg. Select.
Topic Power Electron., vol. 5, no. 2, pp. 775-783, Jun. 2017.

G. Schettino, A. O. Di Tommaso, R. Miceli, C. Nevoloso, G. Scaglione,
and F. Viola, “Dead-time impact on the harmonic distortion and conversion
efficiency in a three-phase five-level cascaded H-bridge inverter: Mathe-
matical formulation and experimental analysis,” IEEE Access, vol. 11,
pp- 32399-32426, 2023.

G. S. Kulothungan, A. K. Rathore, J. Rodriguez, and D. Srinivasan,
“Fundamental device switching frequency control of current-fed nine-level
inverter for solar application,” IEEE Trans. Ind. Appl., vol. 56, no. 2,
pp. 1839-1849, Mar./Apr. 2020.

Y. Zhang, Y. W. Li, N. R. Zargari, and Z. Cheng, “Improved selective
harmonics elimination scheme with online harmonic compensation for
high-power PWM converters,” IEEE Trans. Power Electron., vol. 30, no. 7,
pp- 3508-3517, Jul. 2015.

M. S. A. Dahidah, G. Konstantinou, and V. G. Agelidis, “A review of
multilevel selective harmonic elimination PWM: Formulations, solving
algorithms, implementation and applications,” IEEE Trans. Power Elec-
tron., vol. 30, no. 8, pp. 4091-4106, Aug. 2015.

M. Ahmed, A. Sheir, and M. Orabi, “Real-time solution and imple-
mentation of selective harmonic elimination of seven-level multilevel
inverter,” IEEE J. Emerg. Select. Topics Power Electron., vol. 5, no. 4,
pp. 1700-1709, Dec. 2017.

M. A. Memon, S. Mekhilef, and M. Mubin, “Selective harmonic elimi-
nation in multilevel inverter using hybrid APSO algorithm,” IET Power
Electron., vol. 11, no. 10, pp. 1673-1680, Aug. 2018.

M. Ahmed et al., “General mathematical solution for selective harmonic
elimination,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 8,no. 4,
pp. 4440-4456, Dec. 2020.

A. Kavousi, B. Vahidi, R. Salehi, M. K. Bakhshizadeh, N. Farokhnia,
and S. H. Fathi, “Application of the bee algorithm for selective harmonic
elimination strategy in multilevel inverters,” IEEE Trans. Power Electron.,
vol. 27, no. 4, pp. 1689-1696, Apr. 2012.

S. Padmanaban, C. Dhanamjayulu, and B. Khan, “Artificial neural network
and Newton Raphson (ANN-NR) algorithm based selective harmonic
elimination in cascaded multilevel inverter for PV applications,” IEEE
Access, vol. 9, pp. 75058-75070, 2021.

M. Sadoughi, A. Pourdadashnia, M. Farhadi-Kangarlu, and S. Galvani,
“PSO-Optimized SHE-PWM technique in a cascaded H-bridge multilevel
inverter for variable output voltage applications,” IEEE Trans. Power
Electron., vol. 37, no. 7, pp. 8065-8075, Jul. 2022.

C.Buccellaetal., “Recursive selective harmonic elimination for multilevel
inverters: Mathematical formulation and experimental validation,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 11, no. 2, pp. 2178-2189,
Apr. 2023.

Z. Ye et al.,, “New inter- and inner-phase power control method for
cascaded H-bridge based on simplified PWM strategy,” I[EEE Trans. Power
Electron., vol. 35, no. 8, pp. 8607-8623, Aug. 2020.

A. Kumar, D. Chatterjee, and A. Dasgupta, “Harmonic mitigation of
cascaded multilevel inverter with non equal DC sources using Hybrid
Newton Raphson Method,” in Proc. IEEE 4th Int. Conf. Power, Control &
Embedded Syst., 2017, pp. 1-5.

K. Haghdarand H. A. Shayanfar, “Selective harmonic elimination with op-
timal DC sources in multilevel inverters using generalized pattern search,”
IEEE Trans. Ind. Informat., vol. 14, no. 7, pp. 3124-3131, Jul. 2018.

K. Haghdar, “Optimal DC source influence on selective harmonic elimina-
tion in multilevel inverters using teaching—learning-based optimization,”
1IEEE Trans. Ind. Electron., vol. 67, no. 2, pp. 942-949, Feb. 2020.

H. Abu-Rub, J. Holtz, J. Rodriguez, and G. Baoming, “Medium-voltage
multilevel converters—State of the art, challenges, and requirements
in industrial applications,” IEEE Trans. Ind. Electron., vol. 57, no. 8,
pp- 2581-2596, Aug. 2010.

A. Marzoughi, R. Burgos, and D. Boroyevich, “Investigating impact of
emerging medium-voltage SiC MOSFETSs on medium-voltage high-power
industrial motor drives,” IEEE J. Emerg. Sel. Topics Power Electron.,vol. 7,
no. 2, pp. 1371-1387, Jun. 2019.

C. Buccella, M. G. Cimoroni, H. Latafat, G. Graditi, and R. Yang,
“Selective harmonic elimination in a seven level cascaded multilevel
inverter based on graphical analysis,” in Proc. IEEE 42nd Annu. Conf.
Ind. Electron. Soc., 2016, pp. 2563-2568.

[26] P. Kalkal and A. V. Ravi Teja, “An approach in selective harmonic
mitigation technique for reduction of multiple harmonics with only two
switchings per quarter,” in Proc. IEEE 48th Annu. Conf. Ind. Electron.
Soc., 2022 pp. 1-6.

A. Kumar, P. Kalkal, and A. V. R. Teja, “A graphical approach in selective
harmonic elimination for simultaneous reduction of multiple harmonics
and overall THD,” in Proc. IEEE 48th Annu. Conf. Ind. Electron. Soc.,
2022 pp. 1-6.

C. Wang, Q. Zhang, W. Yu, and K. Yang, “A comprehensive review of solv-
ing selective harmonic elimination problem with algebraic algorithms,”
IEEE Trans. Power Electron., vol. 39, no. 1, pp. 850-868, Jan. 2024.

C. Buccella et al., “Investigation about selective harmonic elimination
in unbalanced multilevel inverters,” in Proc. IEEE 21st Mediterranean
Electrotechnical Conf., 2022, pp. 1235-1240.

CENELEC EN 50160, “Voltage characteristics of electricity supplied by
public distribution systems,” 2001.

CIGRE WG 36-05, “Harmonics, characteristic parameters, methods of
study, estimates of existing values in the network,” Electra, vol. 77,
pp. 35-54, 1981.

[27]

[28]

[29]

[30]

[31]

Concettina Buccella (Fellow, IEEE) received the
M.Sc. degree from the University of L’Aquila,
L’Aquila, Italy, in 1988, and the Ph.D. degree in
electrical engineering from the University of Rome
La Sapienza in 1995. From 1988 to 1989, she was
a R&D Engineer with Italtel SpA, L’ Aquila, Italy,
then she joined the University of L’ Aquila, where she
is currently a Professor of power converters, electric
machines, and drives and the Chair of the B.Sc. in
ICT Engineering. Her current research interests in-
clude modulation techniques for power converters,
multilevel converters, reliability of power converters, analytical, and numerical
modeling of electric systems. From 2017 to 2018, she was the Chair of the
IEEE-IES Technical Committee on Renewable Energy Systems. Dr. Buccella
was the co-recipient of the 2012 and the 2013 Best Paper Award of the IEEE
TRANSACTIONS ON INDUSTRIAL INFORMATICS. She is the Chief Scientific Officer
with DigiPower Ltd., a R&D company active in the field of power electronics.

Maria Gabriella Cimoroni received the M.S. degree
(summa cum laude) in mathematics in 1989 from the
University of L’ Aquila, L’ Aquila, Italy. After gradu-
ation, she attended the Postgraduate Inter-University
School of Perugia and the CNR Computational Math-
ematics School in Naples. Since 1994, she has been a
Researcher of numerical analysis with University of
L’ Aquila, where she teaches numerical analysis and
mathematics complements. Her research activities
have been mostly devoted to new spline operators for
approximation of functions, for numerical evaluation
of Cauchy Principal value integrals and for numerical solution of integro-
differential equations. Her current research interests include new analytical and
numerical methods for modulation algorithms applied to multilevel converters.
She has been a reviewer for several international conferences and IEEE Transac-
tions. In 2019, she was component of Technical Committee of 111-th 2019 AEIT
International Conference in Florence and publicity chair of 5th International
Symposium on Environment Friendly Energies and Application (EFEA 2018)
in Rome. In 2016, she was the publication Co-Chair of 42th Annual International
Conference of the IEEE Industrial Electronics Society (IECON 2016 -IEEE-IES)
in Florence.



BUCCELLA et al.: REAL-TIME LAGRANGE-POLYNOMIALS SELECTIVE HARMONIC ELIMINATION FOR UNBALANCED FIVE-LEVEL INVERTERS

Carlo Cecati (Life Fellow, IEEE) received the Dr.
Ing. degree in electrotechnical engineering from the
University of L’ Aquila, L’ Aquila, Italy, in 1983. From
2015 to 2017, he was a Qianren Talents Professor
with the Harbin Institute of Technology, Harbin,
China. He has been with the University of L’ Aquila,,
where he is currently a Professor of industrial elec-
tronics and drives since 2006. His research interests
include power electronics, distributed generation, e-
transportation, and smart grids. He was the Co-Editor-
in-Chief during 2010-2012 and the Editor-in-Chief
durig 2013-2015 of IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS. He
was the recipient of four IEEE Transactions best paper awards, the 2017 Antony
J. Hornfeck Award and the 2021 Eugene Mittlemann Achievement Award from
the IEEE. He is Chief Technical Officer at DigiPower Ltd., a R&D company
active in the field of power electronics.

Antonino Oscar Di Tommaso was born in Tiibingen,
Germany, in 1972. He received the master’s and Ph.D.
degrees in electrical engineering from the University
of Palermo, Palermo, Italy, in 1999 and 2004, respec-
tively. He was a Post Ph.D. Fellow of electrical ma-
chines and drives, from 2004 to 2006, and Researcher,
from 2006 to 2019, with the Department of Electrical
Engineering, University of Palermo, where he is cur-
rently an Associate Professor of electrical machines
and drives with the Department of Engineering. His
research interests include electrical machines, drives,

diagnostics on power converters, and diagnostics and design of electrical ma-
chines.

Santolo Meo (Senior Member, IEEE) received the
B.S.and M.S. degrees (with Hons.) from the Federico
II University of Naples, Naples, Italy. He is currently
a Full Professor with the Federico II University of
Naples. He is the author of about 150 scientific
publications on power electronics field. His research
interests include the fields of power electronics and

. ! electrical drives for renewable energies and electric
‘ . mobility. He is the Editor-in-Chief of the Interna-

‘ l tional Review of Electrical Engineering and of the
International Review on Modelling and Simulations.

He is member of the many editorial boards of international journals and of sci-
entific committees of international conferences in the field of power electronics.

6421

Claudio Nevoloso received the M.S. and Ph.D. de-
grees in electrical engineering from the University
of Palermo, Palermo, Italy, in 2016 and 2020, re-
spectively. He is currently a Postdoctoral Researcher
with Sustainable Development and Energy Saving
Laboratory, University of Palermo, where he works
on advanced control and characterization of electrical
drives. His main research interests include the design,
mathematical modelling, control and characterization
of electrical machines, implementation of modulation
strategies, and control techniques for electric drives
fed by multilevel power converters.

Giuseppe Schettino received the bachelor’s and the
master’s degrees in electrical engineering from the
University of Palermo, Palermo, Italy, in 2012 and
2015, respectively, and the Ph.D. degree in energy
and information technologies from the University of
Palermo, in 2018, with the Ph.D. thesis “Cascaded H-
Bridges multilevel inverter: grid connected advanced
applications”. Dr. Schettino is currently doing Post-
doc research with the Department of Engineering,
University of Palermo. He is the co-author of more 65
papers published in international conference proceed-
ings and journals. His research activities include multilevel power converters,
modulation techniques, and control strategies for grid connected and electrical
drives applications.

Open Access provided by ‘Universita degli Studi dell’ Aquila’ within the CRUI CARE Agreement




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


