Volume 3, Number 3, 2017
JJ E E Pages 181-192

Jordan Journal of Electrical Engineering ISSN (Print): 2409-9600, ISSN (Online): 2409-9619

SPWM Techniques for Fifteen Level Flying Capacitor Inverter

Farouk Hadjbenali®, Fouad Azzouz"

Department of Electrical Engineering, University of Sciences and Technology of Oran Mohamed Boudiaf, Oran,
Algeria
e-mail: farouk.hadjbenali@univ-usto.dz, farouk0409@hotmail.com
Pe-mail: azzouz.fouad@gmail.com

Received: August 13, 2017 Accepted: September 21, 2017

Abstract— In this paper, different sinusoidal pulse width modulation (SPWM) control strategies of multilevel
flying capacitor inverter are presented. Three control strategies are studied; the triangular multicarrier SPWM, the
saw tooth multicarrier SPWM and the sinusoidal multicarrier SPWM. This work begins with a presentation of the
flying capacitor inverter. Then a paragraph that gives a brief review of the triangular multicarrier SPWM, the saw
tooth multicarrier SPWM and the sinusoidal multicarrier SPWM. A comparison between the three SPWM control
strategies is established based on the simulation results. The comparison objects are the root mean square rms of
the output voltage and the total harmonic distortion (THD). The results obtained demonstrate that the sinusoidal
multicarrier SPWM is better than the saw tooth multicarrier SPWM and the triangular multicarrier SPWM.
Simulations are carried out by PSIM program.

Keywords— Flying capacitor multilevel inverter, Saw tooth multicarrier SPWM, Sine multicarrier SPWM,
SPWM, Triangular multicarrier SPWM.

L. INTRODUCTION

In recent years, there has been a renewed interest in the study of multi-level inverter
techniques [1]. Over the last two decades, many PWM control strategies of multilevel
inverters have been studied in order to improve the output signals of these inverters [2].
Among the control strategies, we distinguish three PWM strategies: the SPWM, the SVPWM
[3] and the selective harmonic elimination PWM [4].

Amongst the PWM control strategies, the SPWM is the most used to multilevel inverters
because of its simplicity and ease of implementation [2]. The paper begins with a presentation
of the flying capacitor multilevel inverter followed by a recall of the sinusoidal pulse width
modulation SPWM. The triangular multicarrier SPWM, the sinusoidal multicarrier SPWM
and the saw tooth multicarrier SPWM control strategies are defined in the following section.
Finally, a discussion of the simulated results is presented.

II. FLYING CAPACITOR MULTILEVEL INVERTER

The flying capacitor multilevel inverter or the multicellular converter is an energy conversion
topology based on the series connection of the controlled switches. It appeared in the early
1990s with a patent deposited by Meynard and Foch [5].

This inverter is obtained by the connection of clamped capacitor cells [6]. The first benefit of
this topology is the absence of clamping diodes inherent to NPC inverter topology. Moreover,
the voltage stress imposed to power components is naturally limited; there is a small value of
dv/dt across the components [7]-[8]. Switching redundancies in operation sequences introduce
states that can be used to keep the capacitor charge balance. Thus, a single dc supply is
necessary by phase.

In usual working patterns, voltages across capacitors are balanced. The voltage across the
capacitors is equal to:
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U=1—(k/(N-1)) (D
k=1,2,3,...(N-2) (2)

where U, is the voltage across the capacitors; £ is the rank of capacitor; and N is the number
of levels of the output voltage.
Fig. 1 shows a one-leg flying capacitor fifteen level inverter.
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Fig. 1. Power circuit of a one-leg flying capacitor fifteen level inverter
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111. SINUSOIDAL PULSE WIDTH MODULATION SPWM

The generation of SPWM control impulses of an inverter of N voltage levels requires (N-1)
carriers that have the same frequency F), and the same amplitude 4, [9]. These carriers are
compared to the sinusoidal reference signal with an amplitude 4, and a frequency F.. For a
carrier higher or equal to the reference, the comparison gives 1 and 0 if the carrier is below
the reference. At the modulator output, the sum of results provided from the comparison is
decoded, and gives the corresponding value to each voltage level [10].
In this paper, three carrier based SPWM techniques are developed as follows [11]:

e Triangular multicarrier SPWM

e Saw tooth multicarrier SPWM

e Sine multicarrier SPWM

A. Triangular Multicarrier SPWM (TM SPWM)

This strategy is based on the comparison of a sine wave reference voltage U, called a
modulating signal with an amplitude 4, and a frequency F, to one or more triangle carriers U,
that have the same amplitude:

A,=2/(N-1) (3)

and the same frequency F),.

For N level inverter, (N-1) level carriers [12] with the same frequency F), and the same peak
amplitude 4, are disposed to make the bands they occupy contiguous [13].

The modulation index is:

m=A,/((N-1) 4,) 4)
and the modulation rate is:

R=F,JF, (5)

The SPWM control strategies are implemented using triangular multicarrier signals for a
fifteen level flying capacitor as shown in Fig. 2.
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Fig. 2. Reference voltage and triangle multicarrier for a fifteen multilevel inverter (+=20, m=0.9)

B. Saw Tooth Multicarrier SPWM (STM SPWM)

The saw tooth wave is a periodic signal and a special case of the triangular wave with the duty
cycle of 1 and phase delay of 0 [2].
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The modulation index is:

m=A,/(N-1) 4,) (6)
and the modulation rate is:

R=F,JF, (7)

The SPWM control strategies are implemented using saw tooth multicarrier signals for a
fifteen level flying capacitor as shown in Fig. 3.
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Fig. 3. Reference voltage and saw tooth multicarrier for a fifteen multilevel inverter (=20, m=0.8)

C. Sine Multicarrier SPWM (SM SPWM)

In this SPWM technique, a triangular multicarrier is replaced by sinusoidal multicarrier. The
representative curve y =sin(x) accepts the origin as symmetry center, the same goes for all
the points, where the curve crosses the x axis .The surfaces of a positive half cycle and a
negative half cycle are equal. The function average taken over a period is thus neutral. So, the
sine function is an alternate function.

For N level inverter, (N-1) level carriers have the same frequency F, and the same peak
amplitude 4,,.

The modulation index is:

m=A4,/(2(N-1) 4,) )
and the modulation rate is:

R=FJF, (10)

The SPWM control strategies are implemented using sinusoidal multicarrier signals for a
fifteen level flying capacitor as shown in Fig. 4.
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Fig. 4. Reference voltage and sine multicarrier for a fifteen multilevel inverter (=20, m=0.95)

Iv. SIMULATION RESULTS

In order to know which of the triangle multicarrier, saw tooth multicarrier or sine multicarrier
has the highest performances, a comparative study based on the total harmonic distortion
(THD) and root mean square (RMS) value of the output voltage V,, for the three types of
carriers is made.

Fifteen level flying capacitor inverter simulations are carried out by PSIM program. In order
to get the THD of the output waveform, a Fast Fourier Transform (FFT) of PSIM program is
applied to obtain the spectrum of the output voltage V.

We have chosen the interval 0.8 to 0.95 of the modulation index since it is the best interval at
the SPWM operating level (the number of intersection points between the modulating signal
and carriers is much greater than the other modulation index values).

If the modulation index is less than 0.8, the SPWM is undersized. On the other hand, if the
modulation index is greater than 0.95, the SPWM is oversized.

A. Triangular Multicarrier SPWM (TM SPWM)

Fig. 5 and Fig. 6 show the voltage waveform ¥, and harmonic spectra for the triangular
multicarrier with 7=0.8 and a switching frequency of 10kHz, respectively.
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Fig. 5. Output voltage V,;, of triangular multicarrier SPWM
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Fig .6. FFT analysis of triangular multicarrier SPWM

Fig. 7 and Fig. 8 show the voltage waveform ¥, and harmonic spectra for the triangular
multicarrier with m=0.9 and a switching frequency of 10kHz, respectively.
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Fig. 7.0utput voltage V,, of triangular multicarrier SPWM
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Fig. 8. FFT analysis of triangular multicarrier SPWM

Fig. 9 and Fig. 10 show the voltage waveform V,, and harmonic spectra for the triangular
multicarrier with 7=0.95 and a switching frequency of 10kHz, respectively.
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Fig. 9. Output voltage V,;, of triangular multicarrier SPWM
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Fig. 10. FFT analysis of triangular multicarrier SPWM

Table 1 shows THD and RMS value of the output voltage V,, for a fifteen level flying

capacitor inverter with triangular multicarrier signals for the SPWM control strategy and a
switching frequency of 10kHz for the modulation index of 0.8, 0.9 and 0.95.

TABLE 1
THD (%) AND RMS (V) OF THE OUTPUT VOLTAGE
m THD, % RMS, V
0.8 6.14 108.02
0.9 5.28 121.41
0.95 5.13 128.22

B. Saw Tooth Multicarrier SPWM (STM SPWM)

Fig. 11 and Fig. 12 show the voltage waveform V,, and harmonic spectra for the saw tooth

multicarrier with m=0.8 and a switching frequency of 10kHz, respectively.
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Fig. 11. Output voltage ¥V, of saw tooth multicarrier SPWM
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Fig. 12. FFT analysis of saw tooth multicarrier SPWM
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Fig. 13 and Fig. 14 show the voltage waveform V,, and harmonic spectra for the saw tooth
multicarrier with m=0.9 and a switching frequency of 10kHz, respectively.
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Fig. 13.0Output voltage V,;, of Saw tooth multicarrier SPWM
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Fig. 14. FFT analysis of saw tooth multicarrier SPWM

Fig. 15 and Fig. 16 show the voltage waveform V,, and harmonic spectra for the saw tooth
multicarrier with 7=0.95 and a switching frequency of 10kHz, respectively.

Vab (V)

0 0.01 0.02 0.03 0.04 0.05
Time (s)

Fig. 15.0utput voltage V,;, of saw tooth multicarrier SPWM
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Fig. 16. FFT analysis of saw tooth multicarrier SPWM
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Table 2 shows THD and RMS value of the output voltage V,, for a fifteen level flying
capacitor inverter with the saw tooth multicarrier signals for the SPWM control strategy and a
switching frequency of 10kHz for the modulation index of 0.8, 0.9 and 0.95.

TABLE 2
THD (%) AND RMS (V) OF THE OUTPUT VOLTAGE
m THD, % RMS, V
0.8 6.12 108.07
0.9 5.23 121.34
0.95 5.11 128.16

C. Sine Multicarrier SPWM (SM SPWM)

Fig. 17 and Fig. 18 show the voltage waveform V,, and harmonic spectra for the sine
multicarrier with m=0.8 and a switching frequency of 10kHz, respectively.
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Fig. 17. Output voltage V,;, of sine Multicarrier SPWM

vab (V)

L [ R GnE T LT e RGREECCEETTEEE R Rttt S TEERCTEERTE

0 5000 10000 15000 20000
Frequency (Hz)

Fig. 18. FFT analysis of sine multicarrier SPWM

Fig. 19 and Fig. 20 show the voltage waveform V,, and harmonic spectra for the sine
multicarrier with m=0.9 and a switching frequency of 10kHz, respectively.
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Fig. 19. Output voltage V', of sine multicarrier SPWM
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Fig. 20. FFT analysis of sine multicarrier SPWM

Fig. 21 and Fig. 22 show the voltage waveform V,, and harmonic spectra for the sine
multicarrier with 7=0.95 and a switching frequency of 10kHz, respectively.
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Fig. 21. Output voltage ¥, of sine multicarrier SPWM
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Fig. 22. FFT analysis of sine multicarrier SPWM

Table 3 shows THD and RMS value of output voltage V,, for a fifteen level flying capacitor
inverter with the sine multicarrier signals for the SPWM control strategy and a switching
frequency of 10kHz for the modulation index of 0.8, 0.9 and 0.95.

TABLE 3
THD (%) AND RMS (V) OF THE OUTPUT VOLTAGE
m THD, % RMS, V
0.8 5.93 108.12
0.9 5.39 121.8
0.95 4.99 128.03
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V. ANALYSIS OF RESULTS

According to the tables above, we find that the increase in modulation index leads to the
increase of the RMS value and the decrease of THD for the three multicarrier signals of the
SPWM control strategy. Except for the THD, the decrease is relative for each multicarrier
signal of the SPWM control strategy.

For a modulation index of 0.8, THD value is equal to 6.14% in the triangular multicarrier,
6.12% in the saw tooth multicarrier and 5.93% in the sine multicarrier. It can be seen that for
m= 0.8, the sine multicarrier has the least THD.

For a modulation index of 0.9, THD value is equal to 5.28% in the triangular multicarrier,
5.23% in the saw tooth multicarrier and 5.39% in the sine multicarrier. It can be seen that for
m= 0.9, the saw tooth multicarrier has the least THD.

For a modulation index of 0.95, THD value is equal to 5.13% in the triangular multicarrier,
5.11% in the saw tooth multicarrier and 4.99% in the sine multicarrier. It can be seen that for
m=0.95, the sine multicarrier has the least THD.

VI CONCLUSION

In this paper, three SPWM control strategies of a flying capacitor fifteen level inverter are
presented: the triangular multicarrier SPWM, the saw tooth multicarrier SPWM and the sine
multicarrier SPWM. The three SPWM control strategies are implemented in PSIM
environment for a switch frequency of 10kHz and modulation indices of 0.8, 0.9 and 0.95.
THD and RMS values were measured, grouped and analyzed. Despite the fact that the THD
difference between triangular multicarrier SPWM, saw tooth multicarrier SPWM and sine
multicarrier SPWM is less than 1%, the sine multicarrier SPWM is superior to the triangular
multicarrier SPWM and saw tooth multicarrier SPWM.
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