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Abstract - This paper presents the additional ways to figure
out the switching angles for eliminating harmonic in Modular
Multilevel Converters, MMCs. The switching angles equation is
written in terms of nonlinear equation system, in general, one of
the numerical method, named Newton-Raphson method, is used
for this calculation procedure but the Newton-Raphson method
takes more time for calculation that is difficult to implement the
MMC s in a real-time control application. So that, numerous
previous calculation methods are proposed to address this issue.
To reduce the calculated time of switching angles, the Curve
Fitting method is selected to assist the Newton-Raphson method
and the idea of this combination method is presented in this
paper. The calculation result of this combination and original
Newton-Raphson method are compared and implemented in the
3-phase 7-level MMCs simulation to validate the calculation
results. The Curve-Fitting can be used for calculation assisting of
Newton-Raphson Method and obtains the calculation results
faster than the using of lone Newton-Raphson method.

Index Terms - MMCs, Stepped Waveform, Curve Fitting,
Newton-Raphson.

1. INTRODUCTION

Modular Multilevel Converters is a type of DC to AC
power converter which is commonly used in the conversion of
electrical energy from several direct current sources to a single
alternative current load such as photovoltaic, fuel cell, battery,
supercapacitor, etc [1]-[4]. This power converter topology can
be operated in low switching frequency, mostly operating at
the fundamental frequency 50Hz or 60Hz, generating a
stepped waveform with harmonics elimination and THD
reduction. However, MMCs needs to be optimized switching
angles to obtain the best value of THD by eliminating nearest
fundamental frequency harmonic components which the
amount of these switching angles depends on the number of
the level of the output stepped waveform. Due to nonlinear
system equation of the stepped waveform optimization
produced by Fourier Transform, advanced mathematical or
numerical methods are required to solve the exact value of
switching angles.

Previously, there are various papers that proposed the
advanced mathematical or numerical method to achieve the
exact solutions of the switching angles by calculating on PC

then store the values of the switching angles in microcontroller
as programmed PWM such as Newton-Raphson Method [5],
Genetic Algorithm [6], Homotopic Algorithm [7], Particle
Swarm Optimization [8], Ant Colony Optimization [9],
Resultant Theory Method [10], etc.

This paper presents the switching angles calculation by
using Newton-Raphson method and combination with Curve-
fitting method. Section II is briefing the concept of Half-
Bridge Modular Multilevel Converters. The concept of
switching angles calculation of combination of Newton-
Raphson method and Curve-fitting method is explained in
Section III and shows the calculation results in Section IV.
Simulation results are validated in Section V, and conclusion
in Section VI.

II. HALF-BRIDGE MODULAR MULTILEVEL CONVERTERS
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Fig. 1 Half-Bridge Modular Multilevel Converters

In the case of power converter application on AC output
load demand by several low-voltage DC sources,



the Half-Bridge Modular Multilevel Converters is the most
common selected converter topology due to each Half-Bridge
module of the topology can be connected to separate DC
source and cascaded connection of the output of each module
to obtain the AC voltage[11]. Besides, the output voltage can
be regulated or adjusted by changing the value of modulation
index, without using DC to DC converter for regulating the
voltage.

Half-Bridge MMCs consists of several modules of series-
connected Half-Bridge Converter. Each of module consists of
two power switches and a DC Source. This two-switch of the
module are contrary operated. However, in this topology, the
ideal DC voltage of each module must give the same voltage
value. The voltage outputs of several Half-Bridge modules are
connected to obtain AC stepped-waveform output and it must
be generated by shaping closely sinusoidal waveform that is
satisfactory by lower THD value.

The different operated pulse-width output voltage of each
module of Half-Bridge MMCs is combined to make a stepped
waveform, whereas Van is connected to the load and the
operation waveform as shown in Fig. 1, which is illustrated a
single-phase Half-Bridge MMCs for generating 7-level of the
output voltage. Here, this six-module of the circuit can
generate 7-level voltage output depending on the voltage
summary of DC sources, +3Vdc at Val and -3Vdc at Van. The
number of output level is m=s+/ where s is the number of
module and m is the number of output level. The peak of the
output voltage is equal to Vanp.a=sVdc.
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Fig. 2 Three-Phase Seven-Level Modular Multilevel Converters

As it can be seen, there are three upper side modules for
releasing positive output voltage at Val, whereas three lower

side modules for releasing negative output voltage at Va2. In
addition, every single module of a single-phase half-bridge
MMCs generates different waveform while compared to other
modules. Moreover, each group of upper and lower side
modules is working at the half period of a cycle of the output
voltage. For instance, SWal, SWa2, SWa3, SWa4, SWa5, and
SWa6 are working on the first half period. The switches SWa7,
SWa8, SWa9, SWal0, SWall, and SWal2 are working on
generating the second half period. However, the
complementary switch pairs for a single-phase cascaded half-
bridge MMCs are SWal-SWa2, SWa3-SWa4, SWa5-SWab,
SWa7-SWa8, SWa9-SWal0, and SWall-Swanl2.

The 3-phase Half-Bridge MMCs can be constructed by
using 3 group of single-phase MMCs as shown in Fig. 2 and
the operating signals of the second-phase and the third-phase
can use the switching angle values of the first-phase, but must
be shifted 120° and 240°, accordingly.

III. SWITCHING ANGLES CALCULATION

To operate the satisfied stepped waveform, the switching
angles calculation is necessary. The PWM scheme called
SHEPWM technique, Selective Harmonics Elimination PWM
[12], [13], which is applied to eliminate selected harmonics for
the satisfying waveform. In the case of the stepped waveform,
the waveform is assumed to be a symmetrical waveform. So
that, the calculation considers the switching angles on first-
quarter of the waveform then the rest quarters would use the
values of the first-quarter to calculate the switching angles on
their own quarters following TABLE 1.

TABLE 1. The Switching Pattern Calculation
The Quarters and Switching Angles

First quarter

aq,0,,a,
Second quarter

o, =7T—-0,0,=7T—0,0 =T—0C
Third quarter

o =n+0,0,=T+0,,0 =T+,
Fourth quarter

o =2r-a,a, =2r-a,,a, =2r-¢,

1

S

V.. (o) = i {%z (cos(nex, ))} -sin(nawt) (1)

k=1

Considering the Fourier Transform on the first-quarter of
the output waveform, the system of equation for MMCs
operation can be written as follows:

RY/4

cos(al)+cos(0(2)+cos(0(3)=Mi7 2)
cos(5a ) +cos(5er, ) +cos(5¢,) =0 3
cos(7ex ) +cos(7er,) +cos(7e,) =0 4



The equation (2) is a term of the fundamental component,
the fundamental magnitude of the output voltage is described
by the right-hand side of the equation. Moreover, the value of
fundamental component can be defined by equation (5).
Harmonic components number 5" and 7% are selected to
eliminate that shown in equation (3) and (4), zero on the right-
hand side of the equations are described. However, the 3-phase
operation of MMCs converter automatically eliminates the
triple harmonic order such as 3™, 9%, 15% 21%, etc.

Mi=—1L 5)
sVdc

The THD calculation for the stepped waveform output of
MMCs has used the equation (6).

> Seostom) |

THD = =2 =

3 cos(ar,)

(6)

IV. CALCULATION RESULTS

To solve the nonlinear system equations, equation (2), (3),
and (4), to figure out the values of alphas (¢, @,, and ),

Newton-Raphson method is the most widely used to figure out
the solutions of switching angle in various type of waveform
generation. This method requires the initial guess solution or a
group of them in the case of system equations. Then, the initial
guess solution is improved to obtain a better second solution
and it becomes the initial guess solution for the second round.

51 group of Switching Angles Solution by NR method
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Fig. 3 The 51 group of solution releasing by Newton-Raphson Method

This procedure is repeated until the error of the current
solution is satisfied which is compared to the previous
solution. In terms of the wide range of the modulation index
for adjusting the value of the fundamental component, this
paper selects a step of 0.01 between Mi=0.5 and Mi=1.0 for
figuring out the solutions. The 51 group of solution releasing
by Newton-Raphson Method is shown in Fig. 3 and any group

of the solution have 3 switching angles (¢, , ¢, , and , ).

As a condition of switching angles arrangement

O<o<a <o < (72'/ 2) , this group of solution can be

used for implementing on MMCs.

The concept of Curve fitting method is constructing a
curve by catching the trend of initial data across the total range
of initial data that has the satisfied line of fitting to a group of
data points.

Curve Fitting (1st Order)
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Fig. 4 The 11 group of solution releasing by Newton-Raphson Method and
the 51 group of solution releasing by 1%t order Curve Fitting Method

Curve Fitting (5th Order)
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Fig. 5 The 11 group of solution releasing by Newton-Raphson Method and
the 51 group of solution releasing by 5 order Curve Fitting Method



To implement Curve fitting method for estimating the
solution of switching angles, this method needs a group of B
guide solutions for fitting the solution which it can be -
generated by using Newton-Rapson method, but the step of : i 1 i
guide solutions can be set a bigger calculation step than using "
lone Newton-Rapson method. So that, 0.05 is a step of L\ H L\ ]J L\ H
Newton-Rapson method calculation between Mi=0.5 and ; L
Mi=1.0 to obtain the guide solutions for Curve fitting method. (a)
The 1%, 5™ and 9 order Curve fitting method are applied i
by using the group of guide solutions to estimate the solutions -
of switching angles. The straight-line solutions are only given -
by the 1% order Curve fitting, Fig. 4, while the 5" order Curve "
fitting the lines becomes curves, Fig. 5, and the 9" order of
Curve fitting which gives the curves to tail with the solution “/\ A
guide, Fig. 6. ;
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the 51 group of solution releasing by 9" order Curve Fitting Method Fig. 8 (a) Line output voltage at Mi=0.85 and (b) its spectrums releasing

V. SIMULATION RESULTS the switching angles by using Newton-Raphson method

MMCs simulation using three switching angles at Mi=0.85
from the graph in Section IV to generate a stepped waveform -
of Phase voltage and Line Voltage as well as their harmonic -
spectrums. The simulation results from the switching angles ' I 1 i
based on Newton-Rapson method are applied to MMCs -
simulation to display in Fig. 7 and Fig. 8, the 5" and 7% L\ ]J L\ IJ L\ ]J
harmonic components are eliminated by SHEPWM technique, L =
but 3" and 9" harmonic components are eliminated by the (a)
three-phase condition. r

The simulation result of 1%, 5%, and 9% order Curve fitting .
method is also shown the stepped waveform of Phase voltage -
and Line Voltage as well as their harmonic spectrums in -
Fig. 9, Fig. 10, Fig. 11, Fig. 12, Fig. 13, and Fig. 14 b
respectively. As it can be seen, all the output voltage )
waveform on the time domain is not clear to see their :
dissimilar, but the simulation results on the frequency domain, (b)
which represent the magnitude of harmonics, can be clearly Fig. 9 (a) Phase output voltage at Mi=0.85 and (b) its spectrums releasing
seen the difference. the switching angles by using 1% order Curve Fitting method
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Fig. 13 (a) Phase output voltage at Mi=0.85 and (b) its spectrums releasing
the switching angles by using 9™ order Curve Fitting method
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Fig. 14 (a) Line output voltage at Mi=0.85 and (b) its spectrums releasing
the switching angles by using 9™ order Curve Fitting method

The unwanted harmonics, 5" and 7% components, of 1%
and 5" order Curve fitting method still appear with small
amplitude on the frequency domain, but the 9" order Curve
fitting method shows that the unwanted harmonics spectrums
are ecliminated. As the same condition of a three-phase
connection, the 3™ and 9% harmonic components are
automatically eliminated.

VI. CONCLUSION

This paper has proposed harmonics elimination based on
curve fitting method for modular multilevel converters. The
switching angles solution of Newton-Raphson method and
Curve fitting method based on SHEPWM technique are
illustrated to use the values of them on the MMCs simulation
and compare the simulation results. Regarding simulation
results, the 9th order Curve fitting method can be used for
mocking the switching angle solution of Newton-Rapson
method.
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