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Abstract: Multilevel inverters are widely used for medium and high-power applications due to
the increase in the number of output voltage levels and its apparent frequency. Here, a new
configuration of Flying Capacitor Multicell (FCM) converter is considered which is named as
Double Flying Capacitor Multicell (DFCM) converter. When compared with conventional FCM
this configuration gives doubled RMS value, increased number of output voltage levels, an
improved output voltage frequency spectrum and cancels the midpoint of DC source. The main
constructional difference of new FCM topology with conventional FCM converter is the two low
frequency switches added in the source side and the remaining constraints are kept constant.
This converter is controlled by a modified phase-shifted pulse width modulation in which two
type of controlling is possible ie, either by using multiple carrier or by using multiple reference
singals. The self-balancing property of the flying capacitor converter is maintained in the
DFCM converter by using modified Pulse Width Modulation (PWM) technique with multiple
carrier and multiple reference signals. The validity and effectiveness of DFCM converter with
different PWM techniques are being verified by MATLAB simulink software.

Keywords: Flying Capacitor Multicell Converter (FCMC), Phase Shifted Pulse Width
Modulation (PSPWM), Total Harmonic Distortion (THD).

I. INTRODUCTION

The multilevel inverters have been continuously developed in recent years due to the necessity of increase in power level
for industrial applications. They are mainly used in high- power applications, such as high-power AC motor drives, active
power filters, reactive power compensation, and FACTS devices. This is because of the capability of these converters to
handle high voltage/power in the range of KV/MW [10]. They receive a wide acceptance in industry and energy systems
because they enable the design of medium and high voltage systems with excellent output voltage quality. The main aim of
any multilevel inverter based research is to choose a converter topology with a large number of voltage levels with

minimum number of switching devices, reduced filter size and reduced harmonic distortion [1][2].

The term multilevel starts with the three-level converter. By increasing the number of levels in the converter, the output
voltage has more steps generating a staircase waveform, which has a reduced harmonic distortion. However, a high number
of levels increases the control complexity and introduces voltage imbalance problems [10]. Different cells and ways to
interconnect them generate many topologies. The most common cells in multicell converters are the full-bridge and
half-bridge. The half-bridge cells can generate only zero and positive voltages, so there is inevitably a DC component in the
arm voltage. Among the different topologies for multilevel converters, multicell converters [3] features the highest degree
of modularity and the lowest expense for redundancy due to the large number of cells they have, as well as the lowest

harmonic content due to the large number of output voltage levels they produce.

Available online @ www.ijntse.com 92


http://www.ijntse.com/

Rishana. N et. al. / International Journal of New Technologies in Science and Engineering
Vol. 5, Issue. 2, 2018, ISSN 2349-0780

Multilevel inverters are primarily classified into: diode clamped, flying capacitor, hybrid and cascaded H-bridge multilevel
inverter. For higher number of voltage levels these converters have some limitations, mainly with clamping diodes and
voltage balance of DC link capacitors. One of the main alternatives for these converters is the multicell converter topology,
in which two or more switches are arranged to form a cell and the number of cells are depend on the output voltage level.
Mainly there are 3 types of multicell configurations are available: flying capacitor, stacked and cascaded multicell
converters. The main drawback of flying capacitor multilevel inverter is unbalancing of capacitor voltage and that problem
is eliminated in case of FCM converter. By using modified phase shifted pulse width modulation the duty ratio of each cell
kept constant so average flying capacitor current become zero. Thus the condition for self balancing of flying capacitor
voltage is satisfied and additional requirement of flying capacitor voltage control is avoided. Double Flying Capacitor
Multicell (DFCM) converter is a modification of FCM converter. By comparing DFCM converter with conventional
multicell topologies the requirement of high frequency switches in DFCM converter is half of that in conventional multicell
converters. The number of cells of DFCM converter is also half of that in FCM converter so the size of the converter is

reduces. A single DC source is required as power supply for the operation of DFCM converter.

The commonly used sine PWM techniques are multi-carrier and muli-reference methods in which muti-carrier techniques
are mostly used in multilevel inverters because of its simplicity. In three phase systems inorder to achieve voltage balancing
multi-carrier PWM are preferred where the controlling of switching rates, shape and phase of the carrier signal is possible.
Multi-reference single-carrier PWM technique is uses where the switching rate of all devices needs to be same. A
comparative analysis of five level FCM converter and five level DFCM converter is given in this paper and different pulse

width modulation techniques are also discussed with the help of MATLAB simulation.

Il. FCM CONVERTER CONFIGURATIONS

A. Conventional FCM Converter:

A typical configuration of a 5 level conventional Flying Capacitor Multicell Converter (FCMC) is shown in Fig. 1,

which is based on n cells which are connected in series to form required converter leg and can produce n+1 levels of output

voltage.
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Fig. 1: 4-cell-5-level conventional FCM Converter

The positive and negative peak values of the output voltage lies at E. Each cell in FCMC offers a simple structure, which is
made-up of one flying capacitor (FC) and a pair of power switches with complementary control signals. Every cell in the
circuit is controlled with equal duty ratio so as to provide it a regular phase shifted progression along the cells. As the

number of cells is increased, more levels of output voltage can be generated. In the conventional configuration of FCM
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converter, maximum value of positive and negative peaks of output voltage is half of the DC source voltage, i.e., V/2. The
output voltage levels for different states of the switches are tabulated in Table.l.
Table.l State of power switches of the 4-cell-five-level FCMC

Output State of switches No.of

voltage (S4,53,52,51) states
+0.5V 1111 1
+0.25V (1,1,1,0)(1,1,0,1)(1,0,1,1)(0,1,1,1) 4
0 (1,1,0,0)(1,0,0,1)(0,0,1,1)(1,0,1,0)(0,0,1,1)(0,1,0,1) 6
-0.25V (1,0,0,0)(0,1,0,0)(0,0,1,0)(0,0,0,1) 4
-0.5vV (0,0,0,0) 1

B. Double FCM Converter:

In Double FCM (DFCM) converter additional two low frequency switches, J and J* are used to obtain full value of the
DC source voltage, E for positive and negative peaks of output voltage as shown in Fig. 2.. The main advantages of the
DFCM converter, in comparison with FCM and stacked multicell converters, are doubling the RMS of output voltage and
the number of output voltage levels and cancelling the midpoint of DC source. This progress is achieved by adding only
two low- frequency switches to the conventional configuration of FCM converter, while the number of high frequency
switches and capacitors, voltage ratings of capacitors and switches and the number of high-frequency switchings during a
full cycle are kept constant. Also, the frequency spectrum of output voltage is improved and its THD is reduced

significantly because of doubling the number of output voltage levels.
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Fig. 2: Two-cell-five-level DFCM converter

Table.ll Switching states of a 2 cell 5 level DFCM Converter

Output J States of switches No.of
voltage (S2,S1) states
+V 0 (1,1) 1
+V/I2 0 (1,0(0,1) 2
0 0 (0,0) 1
0 1 (1,1) 1
-V/2 1 (1,0(0,2) 2
AV, 1 (0,0) 1

For a DFCM Converter, a Modified Phase Shifted Pulsewidth Modulation Technique is used as the control strategy.

Here the triangular carrier signals of individual cells are compared with a shifted reference wave so as to generate the
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switching pulses for individual cells. The modulation index is chosen to be 0.8. The low frequency switch J* is made on
during the positive halfcycle and J is made on during the negative halfcycle. Different switching states of the high

frequency as well as the low frequency switches in the DFCM converter configurations are shown in Table.ll.

111, MODIFIED PWM TECHNIQUES
A. MULTI-CARRIER PWM:

In multi-carrier PWM method single-reference and two or more carriers are used. Carriers are with switching frequency
and the reference is with fundamental frequency. Multi-carrier modulations are commonly used in 3 phase system inorder
to achieve voltage balance. Here the control of switching rate, shape and phase of reference signal is possible. Multi-carrier

system is simple and easy to implement. Fig. 3 represents the multi-carrier PWM technique and the generated pulses.

Fig. 3 Multi-Carrier PWM
B. MULTI-REFERENCE PWM:

Fig. 4 represents the multi-reference PWM technique and the generated pulses. Multi-reference PWM method is used

where the switching rate of every switch needs to be constant. This PWM method is easy to program in microcontroller.
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Fig. 4 Multi-Reference PWM
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IV. SIMULATION RESULTS

Simulation of conventional FCM converter with sinusoidal PWM and DFCM converter with modified multi-carrier and
multi-reference PWM is given in this paper. Simulation is performed to verify the effectiveness and performance of the
converter. A basic Four-cell Five-level FCM converter is initially simulated and later on a Two- cell five-level DFCM

converter is simulated. The simulation parameters which are considered are: DC Voltage 200V, switching frequency 700
Hz, Internal flying capacitors 1mF, Resistive loads 50Q.

Fig. 5: Simulink Model for a conventional four cell five level FCM converter

Fig. 5 represents the simulation diagram of conventional four cell five level flying capacitor multicell converter. The
four-cell-five-level FCM converter is controlled by PSPWM Technique and operated with a modulation index equal to 0.8
(M =0.8). The converter load is resistive and the output voltage is shown in Fig. 6.

OUTPUT VOLTAGE
1004

T T T
N
L |
60}
© ' I i
2} .
of
\
o \
80}
sl
100}
1 1 L L 1 L
1] [173 005 (3 007 038 0

T
L L
00 [

1
05 (]

Fig. 6: Output Voltage for a 4cell 5level FCM Converter
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Fig. 7: FFT Analysis for 4 cell 5 level FCM
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By using the above parameters simulation is done and five level output voltage is obtained with output voltage levels at
+100V, +50V, 0V, -50V and -100V. The simulated five level converter has a voltage THD of 39.28 % which is shown in

Fig. 7.
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Fig. 8: Simulink Model for a two cell Five level DFCM Converter with multi carrier

Fig. 8 shows the simulink model for a two cell five level DFCM converter with multi carrier which is simulated with

modulation index M=0.8 and modified phase shifted PWM Technique is employed. The load used is resistive-inductive

load. The DFCM converter is controlled by a modified phase- shifted pulse width modulation. The reference signal for the

generation of pulses is shown in Fig. 9.
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Fig. 9: Reference signal for the generation of pulses for the converter

Also, the frequency spectrum of output voltage is improved and its THD is reduced significantly because of doubling the

number of output voltage levels. In the conventional configuration of FCM converter, maximum values of positive and

negative peaks of output voltage are only half of the DC source voltage, i.e., E/2, while in the proposed DFCM converter,

applying the switches J and J*, makes it possible to obtain full value of the DC source voltage, i.e., E for positive and

negative peaks of output voltage. Here E is 200V. Hence a five level output voltage is achieved with voltage levels at 0,
+100V, +200V, -100V and -200V. The output voltage obtained from the simulation is as shown in Fig. 10.
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Fig. 10: Output voltage for a two cell five level DFCM Converter with multi carrier

Fig. 11 shows the simulink model for a two cell five level DFCM converter with multi reference which is simulated with
modulation index M=0.8. The reference signals for the DFCM converter is shown in Fig. 12.
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Fig. 11: Simulink Model for a two cell Five level DFCM Converter with multi reference
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Fig. 12: Reference signals for the generation of pulses for the converter

The output voltage obtained from the simulation of DFCM converter with multi reference signal is shown in Fig. 13. FFT
analysis of DFCM converter is as shown in Fig. 14. The THD for the DFCM Converter is 17.55%. When compared to
conventional FCM topology with THD 39.28 %, the THD is significantly reduced to 21.73 %. Hence it is clear that when a
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DFCM Converter is developed from conventional FCM Converter, the harmonic spectrum is improved and THD is

reduced.
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Fig. 13: Output voltage for a two cell five level DFCM Converter with multi reference
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Fig. 14: FFT Analysis of DFCM Converter

Selected signal: 5 cycles. FFT window (in red): 1 cycles
T T T T T T T T

-100
0 0.01 0.02 003 0.04 0.05 0.06 007 0.08 009 01
Time (s)
— FFT
Fundamental (50Hz) = 197.6 . THD= 0.33%

0z
E
5

£ 015
=
E
o
=1

= 01
o=
=
=

0.05

o 100 200 300 400 500 600 TOO0 800 g00 1000
Freguency (Hz)

Fig. 15: FET Analysis of Filtered DFCM Converter

Moreover the RMS values of the output voltage as well as the number of voltage levels are also doubled. By using an LC
filter the output voltage waveform becomes sinusoidal signal and the THD measured is considerably reduces to 0.33 %

which is shown in Fig. 15.
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V. CONCLUSION

A comparison between the conventional FCM converter and the DFCM converter was done by simulation using MATLAB
simulink software also done the simulation of DFCM converter with multiple carrier as well as multiple reference PWM
techniques. The output voltage of the DFCM converter has a THD of 17.55% which is 21.73% less than that of
conventional multicell converter. By using multi-carrier and multi-reference PWM methods same output voltage with a
reduced THD was observed. The THD of filtered DFCM converter output voltage is obtained as 0.33% which lies in the
rage of IEEE standards. The self- balancing property of the FCM converter and transformerless operation are maintained in
the DFCM converter since its control strategy is based on the modified PSPWM. Multi-carrier or muli-reference PWM
techniques can be used for generating switching pulses depending upon the application. The DFCM converter has a good
potential for high-power / high-voltage applications, such as high-power ac motor drives, active power filters, reactive

power compensation, dynamic voltage restorer and FACTS devices.

REFERENCES

[1] P. Lezana, J. Rodrguez, and D. A. Oyarzun (2008), Cascaded multilevel inverter with regeneration capability and
reduced number of switches, IEEE Transactions on Industrial Electronics, vol. 55, no. 3, pp. 1059-1066.

[2] J.Rodrguez, J.S. Lai, and F. Z. Peng (2002), Multilevel inverters: A survey of topologies, controls and applications,
IEEE Transactions on Industrial Electronics, vol. 49, no. 4, pp. 724-738.

[3]1 T.A. Meynard, H. Foch, F. Forest, C. Turpin, F. Richardeau, L. Delmas, G. Gateau, and E. Lefeuvre (2002), Multicell
converters: Derived topologies, IEEE

[4] T.A. Meynard, M. Fadel, and N. Aouda (1997), Modeling of multilevel converters, IEEE Transactions on Industrial
Electronics,vol. 44, no. 3, pp. 356-364.

[5] W. A. Hill and C. D. Harbourt, (1999), Performance of medium voltage multilevel inverters, in Conference Records
of IEEE-IAS Annual Meeting, Pheonix, pp. 1186-1192.

[6] B. M. SongandJ.S. Lai (2001), A multilevel soft- switching inverter with inductor coupling, IEEE Transactions on
Industrial Applications, vol. 37, pp. 628-636.

[71 X.Yuan and I. Barbi (1999), Zero voltage switching for three level capacitor clamping inverter, IEEE Transactions
on Power Electronics,vol. 14, pp. 771-781.

[8] R. Teichmann, K. OBrian, and S. Bernet(2000), Comparison of multilevel ARCP topologies, in Proc. International
Power Electronics Conference, Tokyo, Japan, pp. 2035-2040.

[9] P. Lezana, G. Ortiz, and J. Rodrguez(2008), Operation of regenerative cascade multicell converter under fault

condition, in Proc. of 11t Workshop on Control and Modelling for Power Electronics (COMPEL), pp. 1-6.

[10] A. Khoshkbar Sadigh, S. H. Hosseini, M. Sabahi, and G. B. Gharehpetian (2010), Double Flying Capacitor Multicell
Converter Based on Modified Phase-Shifted Pulsewidth Modulation, IEEE Transactions on Power Electronics, vol.
25, no. 6, pp. 1517-1526.

[11] V. Dargahi, A. Khoshkbar Sadigh, M. Abarzadeh,
M. R. A. Pahlavani, and A. Shoulaie(2012), Flying Capacitors Reduction in an Improved Double Flying Capacitor
Multicell Converter Controlled by a Modified Modulation Method, IEEE Transactions on Power Electronics,vol. 27,
no. 9, pp. 3875-3887.

[12] A. Khoshkbar Sadigh, V. Dargahi, S. Dargahi, and M. Abarzadeh (2014), Reduced DC voltage source flying

Available online @ www.ijntse.com 100


http://www.ijntse.com/

Rishana. N et. al. / International Journal of New Technologies in Science and Engineering
Vol. 5, Issue. 2, 2018, ISSN 2349-0780

capacitor multicell multilevel inverter: analysis and implementation, IET Power Electronics, vol. 7, no. 2, pp.
439-450.
[13] A. Khoshkbar Sadigh, V. Dargahi, M. R. A. Pahlavani, and A. Shoulaie (2012), Elimination of one dc voltage source
in stacked multicell converters, IET Power Electronics, vol. 5, no. 6, pp. 644-658.
[14] A. M. Y. M. Ghias, J. Pou, M. Ciobotaru, and V. G. Agelidis (2014), Voltage- Balancing Method Using
Phase-Shifted PWM for the Flying Capacitor Multilevel Converter, IEEE Transactions on Power Electronics,vol. 29,
no. 9, pp. 4521-4531.
[15] C. Haederli, P. Ladoux, T. Meynard, G. Gateau, and A M. Lienhardt (2006), Neutral point control in multi level
converters applying novel modulation schemes, in Proc. of IEEE Power Electronics Specialists Conference,Vol
no.32,no.6, pp. 1-8.
[16] A. M. Lienhardt, G. Gateau, and T. A. Meynard (2007), Zero-steady-state-error input-current controller for
regenerative multilevel converters based on single-phase cells, IEEE Transactions on Industrial Electronics, vol. 54,
no. 2, pp. 733-740.

[17] V. Dargahi, A. Khoshkbar Sadigh, M. Abarzadeh, S. Eskandari, and K. A. Corzine (2015), A New Family of Modular
Multilevel Converter Based on Modified Flying-Capacitor Multicell Converters, IEEE Transactions on Power
Electronics, vol. 30, no. 1, pp. 138-147.

Available online @ www.ijntse.com 101


http://www.ijntse.com/

