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Selective Harmonic Mitigation Pulse Width
Modulation for Transistor Clamped
Multilevel Inverters

A. Sahaya Ponrekhal, A. Shashidhar? and M. Venkatesh?®

ABSTRACT

In medium voltage high power applications, the switching frequency of the power converters are restricted to
reduce the switching power losses which resultsin the distorted output. Hence, this paper aimsto apply Selective
Harmonic Mitigation Pul se Width Modul ation (SHM PWM) techniquefor transistor clamped multilevel inverters.
SHM PWM method limits the harmonic distortion in the output to satisfy grid codes requirement, even with low
switching frequency. In addition tothis, the transistor clamped topol ogy is having lessnumber of controlled power
transistors, which reduces the semiconductors, cost and also smplifies the contral circuit. The comparison of
SHMPWM method and the conventional SHEPWM method(Selective Harmonic Elimination Pulse Width
Modulation method) is also shown for five and eleven leve inverter to know the effectiveness of SHMPWM
method. From theresults, it is clearly depicted that SHMPWM method reduces harmonics distortion effectively
when compared to SHEPWM method.
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1. INTRODUCTION

In recent years, to maintain the power quality, the power converters should have the output voltage with
low harmonic distortion. Multilevel inverters became popular for its reduction in harmonic distortion.
Now different topologies of multilevel inverter are used with different PWM techniques to reduce the
harmonic distortions. Those different topologiesare diode clamped inverter, flying capacitor clamped inverter,
cascaded h-bridge inverter and transistor clamped inverter. [15], [16], [17].

The main disadvantage of multilevel inverter isthe requirement of alarge number of controlled switches
which makes the firing circuit to be bulky and it has more switching losses. Hence, the transistor clamped
inverter [10] is chosen as a good option by considering the necessity of limited number of switches.

The various PWM techniques used for multilevel inverters are sine PWM, space vector PWM and
Harmonic injection PWM[1],[2]. The most commonly used PWM techniques are sinusoida PWM and
space vector PWM[3]. The limitation of these two methods is higher switching frequency. To overcome
this limitation Programmed Pulse Width Modulation techniques are preferred.

Two different programmed pulse width modulations are Selective harmonic elimination pulse width
modulation (SHEPWM)([4], [5], [6], [ 7] and Selective harmonic mitigation pulsewidth modulation(SHMPWM)
[8], [9], [11], [12], [13], [14]. Conventiond selective harmonic eimination method completely eiminates a
few selected lower order harmonics. But the SHMPWM method mitigates more number of selected lower
order harmonics below the maximum alowable limits given by grid codes standards.
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Till now SHMPWM method is implemented for cascaded H bridge multilevel inverter [8], [9], [11]
and diode clamped inverter which is having more number of power transistorg[12],[13],[14]. This paper
proposes the SHMPWM method for transistor clamped multilevel inverter and its benefits are shown by
comparing with the conventional SHEPWM method.

2. FIVE LEVEL TRANSISTOR CLAMPED MULTILEVEL INVERTER

2.1. Structure of five level transistor clamped multilevel inverter

The figurel shows the structure of the transistor clamped five level inverter. It produces five output levels
Vdc, Vdc/2, 0, -Vdc/2,and -Vdc. The output istaken across the two legs of the inverter. S1, S2, S3, S4 and
S5 represent the power switches [10]. Thus five level transistor clamped inverter involves five power
transistors only, where as conventional five level cascaded H bridge and diode clamped inverter involves
eight power transistors. So it isunderstood that the number of power transistors are reduced more than 50%
in transistor clamped multilevel inverters.
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Figure 1: Five level transistor clamped inverter

The table 1 shows the switching states of the five level transistor clamped inverter for each level of
output voltage.

Tablel
Switching states of five level transistor clamped inverter
S1 S 3 A S} Van
0 1 0 0 1 2vVdc
1 0 0 Vdc
0 Oor1l lor O Oor1l lorO 0
1 0 0 1 0 -Vdc
0 0 1 1 0 -2Vdc

2.2. SHEPWM for five levd inverter

In SHEPWM method to eliminate the selected lower order harmonics and to control the fundamental
component, equations of the harmonic components are derived using fourier series analysis. For deriving
these equations, the output voltage waveforms of the multilevel inverters has to be predefined. The figure2
showsthe predefined switching patternfor five level inverter. The equationl givesthe fourier seriesexpansion
of predefined output voltage waveform of five level inverter. The Predefined waveform is having odd-
guarter wave symmetry and hence all the even harmonics are zero.
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Figure 2: Predefined switching pattern of five level inverter

o 4V
V., = Zn:l, 3'5---n—:cc (cos(na,) —cos(na.,) + cos(na.,) + cos(na,,) — cos(no.; ) +

@

cos(Nnatg) —cos(nat,)) sin (nwt)

h = % (cos(na.,) — cos(nat, ) + cos(na.,) + cos(na.,) — cos(Na.; ) + cos(na. ;) —cos(na.,))
TC

h_is nth harmonic content

‘n’ isthe harmonic order

V . isthe voltage across each capacitor.
a, are the switching angles

The equations (2) and (3) are the nonlinear equations for the SHEPWM of five level inverter. In the
eguation(2), the fundamental component is equated to desired value by assuming a modulation index. The
eguations(3) having lower order harmonics are equated to zero. To solvethese equations, Newton Raphson's
iterative method is used. Newton Raphson’s iterative method cannot be evaluated without the usage of
initial values of the unknown parameter. Here the switching angles are the unknown parameters. Theinitial
switching angles are found by converting the equationsinto Cauchy problem, which usesleast square mean
approximation method. These initial values are then passed into Newton Raphson’s iterative method and
finally, the accurate switching angles are obtained[5].

4 cos(or,)-008(ox,) +00S(ox ) +C0S(x,)-COS(x ) +00S(o ) -COS(ox,)] = M @
T
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number of levels

Where s = 5 which should be a whole number, for five level inverter s= 2.
hl . L.
M = o is the modulation index , h -Fundamental component of the output voltage

Hn:% [cos(n oc,)-cos(n oc,)+cos(n oc ) +cos(N oc,)-cos(n oc,)+cog(n oc )-cos(n oc )] =0 (3)

n=3,57,911, 13,15

With the estimated switching angles, the controlled power transistors of the inverter are switched in the
given order. By this way the fundamental harmonic content of output voltage is set to expected value and
the harmonics up to 15 are completely eliminated. The figure3 shows the output voltage of five level
transistor clamped inverter with SHEPWM technique. The parameters used for the simulation of five level
inverter is shown in the table 2.

Table2
Par ametersused for the smulation of five level inverter
Parameters Values
Vol tage across capacitor(Vdc) 100V
Switching Frequency of S1 700 Hz
Switching Frequency of S2 200 Hz
Switching Frequency of S3 550 Hz
Switching Frequency of $4 150 Hz
Switching Frequency of S5 150 Hz
Output Voltage Frequency 50 Hz

Thefigure 4 shows the frequency spectrum of the output voltage waveform of 5level transistor clamped
inverter with SHEPWM. From the figure 4, it is known that the THD up to 40" harmonic is 32.09% and
harmonics upto 15 are eliminated, from the output voltage as expected.

20

: Output‘\’oltage(\:) Vs Time(gﬂ)

Figure 3: Output voltage of five level transistor clamped inverter with SHEPWM technique



Selective Harmonic Mitigation Pulse width Modulation for Transistor Clamped Multilevel Inverters 6755

oy sewirs sgna: sy 1 waow structure

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

B 1 | e e R

i ‘LW O ==

0 . l ‘
! e T e T | e | =

| U
0 0.01 0.02 003 0.04 0.05 0.06 0.07 0.08 0.09 01
Time (s

Start time (sX

Number of cycles

Fundamental (50Hz) = 179.3 . THD= 32.09%
T

S Fundamental frequency (Hz)
50 T T T T T T T

S0

FFT settings

Display style

| L | L |
0 5 10 15 20 2 30 3 40
Harmonic order

Figure 4: Frequency spectrum of the output voltage waveform of Slevel transistor clamped inverter with SHEPWM

2.3. SHMPWM for fivelevel inverter

In SHMPWM technique, more harmonics are mitigated below the limited values for same switching
frequency, while compared with the SHEPWM. Those limited values are defined by the grid codes, which
gives the maximum allowable limits for each harmonic order and THD to maintain the grid’s quality. Here
the EN 50160, CIGRE WG 36-05 are the two grid codesreferred for SHMPWM[17], [18]. The grid code
requirements are shown in the table 3.Using the same waveform shown in figure 2, the equations of
SHMPWM technique for the five level inverter are written. The SHMPWM technique is based on solving
the following inequality equations (4) and (5), where L is the maximum allowed level of nth harmonic
imposed by the applied grid code. The challenge in SHMPWM s to solve the inequality equations. By
writing a program in Optimisation tool of MATLAB, those equations are solved. By solving the equations
the exact switching angles are obtained.

|sM —H, |<L,, where H, = % [cos(ocl)-Cos(ocz)+COS(oc3)+COS(oc4)-COS(oc5)+COS(oc6)-COS(oc7)]

hi
M=——
and svdc )
s = 2 for five level inverer
4
Hn= ey [cos(n oc,)-cos(n oc,)+cos(n oc,)) + cos(n oc,)-Ccosn(oc,)+Cos(Noc,)-cos(noc )] < H, L 5)

n=>5,7,11, 13,17, 19, 23, 25, 29,31, 35.

The controlled power transistors are switched using the pre calculated switching angles. Figure 5 shows
the output voltage of five level inverter with SHMPWM technique. Using the FFT analysis ,the frequency
spectrum of the output voltage is obtained as shown in figure 6. Even though harmonics up to 35 are tried
to be mitigated, it is clearly known from the figure 6 few harmonics are beyond the limited values, the THD
upto 40" harmonic is 19.02% which is less compared to the result of SHEPWM method (32.09%).



6756 A. Sahaya Porekha, A. Shashidhar and M. Venkatesh

Table3
Grid coderequirements of EN 50160, CIGRE WG 36-05
Odd non-triplen harmonics Odd tripplen harmonics
Harmonic order (n) Relative voltage(L,) Harmonic order (n) Relative voltage(L,)
5 6% 3 5%
7 5% 9 1.5%
11 3% 15 0.5%
13 2% 21 0.5%
17 1.5% >21 0.2%
19 1.5%
23 1.5%
>25 0.2+(32.5/n)

THD up to 40" harmoni cs <=8%
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Figure 5: Output voltage of five level inverter with SHMPWM technique
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Figure 6: Frequency spectrum of Output voltage of five level inverter with SHMPWM technique
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3. ELEVEN LEVEL TRANSISTOR CLAMPED MULTILEVEL INVERTER

3.1. Structure of eleven level transistor clamped multilevel inverter

The topology of eleven level transistor clamped multilevel inverter is shown in the figure 7.Eleven level
transistor clamped inverter involves 8 power transistors only, where as conventional H bridge eleven level
inverter involves 20 transistors [8]. The table 4 shows the switching states of the eleven level transistor
clamped inverter.

|
e
T % | %
i 4(55 I
? F 3 N i’
- (' |
L' ——
T1
x x
2 L AF A
) x| & J) S WS
| ) A
SVde "m0 c »—‘6".[-
Vde== x I x= " |/"]1); n)"’ -
D ”)ﬂ D s —1@ _Iqm
zjﬁl i T
T -—-—C | - p—
T % %,
c P —{LSS D
Vde == ‘F l X

Figure 7: Topology of eleven level transistor clamped inverter

Table4
Switching states of the eleven level transistor clamped inver ter

S1 S 3 A S H S/ S Van
1 0 0 1 0 0 0 0 5vdc
0 0 0 1 1 0 0 0 4vVdc
0 0 0 1 0 1 0 0 3V,
0 0 0 1 0 0 1 0 2vdc
0 0 0 1 0 0 0 1 Vdc
Oor1l lor O Oorl lorO 0 0 0 0 0

0 0 1 0 0 0 0 1 -Vdc
0 0 1 0 0 0 1 0 -2Vdc
0 0 1 0 0 1 0 0 -3Vdc
0 0 1 0 1 0 0 0 -4Vdc
0 1 1 0 0 0 0 0 -5Vdc

For eleven level inverter, similar to five level inverter, the predefined output voltage waveform is
drawn as shown in the figure 8. Equation 6 gives the Fourier series expansion of the output voltage of the
eleven level inverter, which is derived from the predefined switching pattern for the eleven level inverter.
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Figure 8: Predefined output voltage waveform of eleven level inverter
% 4 :
V,, = anlysys_“n—::(cos(nocl) +cos(na.,) + cos(na;) + cos(na., ) + cos(No;) — cos(na6))5| n (nwt) (6)

3.2. SHEPWM for eleven level inverter

As similar to five level inverter the equations 7 and 8 are the nonlinear equations for the SHEPWM of
eleven level inverter.

H, = % [cos(ec ) +00S(ox ) +00S(o ) +C0S(o ) +€08(5c)-COS(x )] = M @

hi
Where M = e is the modulation index, h -Fundamental component of the output voltage

s = 4 for eleven level inverter

H, = % [cos(n o ) +C0s(ox ) +C0S(N oc ) +cos(n ec ) +cos(n ac)-cos(n ec )] = 0 ®)

n=3,579 11,13

The switching angles for eleven level inverter are pre calculated by solving the equations. By
applying the switching angles, the fundamental harmonic content is set to the expected value and the
harmonics up to 13 are completely eliminated. The figure 9 and 10 show the output voltage and the
frequency spectrum of output voltage wave form for the eleven level inverter with SHEWM technique.
From the figurelO it is clear that the harmonics up to 13 are completely eliminated. The THD upto 40"
harmonics is 10.52%. The parameters used for the simulation of eleven level inverter is shown in the
table 5.
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Table5
The parametersused for the smulation of eleven level inverter
Parameters Values
Vol tage across capacitor(Vdc) 100V
Switching Frequency of S1 100 Hz
Switching Frequency of S2 250 Hz
Switching Frequency of S3 50 Hz
Switching Frequency of $4 50 Hz
Switching Frequency of S5 250 Hz
Switching Frequency of S6 200 Hz
Switching Frequency of S7 200 Hz
Switching Frequency of S8 250 Hz
Output Voltage Fregquency 50 Hz
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Figure 9: Output voltage of eleven level transistor clamped inverter with SHEPWM technique
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Figure 10: Frequency spectrum of Output voltage of eleven level inverter with SHEPWM technique
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3.3. SHMPWM Method for eleven level inverter

Similar to five level inverter, the SHMPWM method is applied for eleven level inverter. The equations are
the inequality equationsfor the eleven level inverter with SHMPWM technique. By solving these equations
the switching angles are estimated. The same grid codes, which is shown in the table are used as limited
values(Ln).

hi
|sM—-H,|<L, whereM :ch and [cos(ec,)+cog(oc,) +Cos(oc ) +C0S(oc ) +COS(oc,)-Cos(oc )]

s = 4 for eleven level inverter

H, = in(cos(nal) +cos(na, ) + cos(na.,) + cos(na.,,) + cos(not) — cos(na6)) <H,L
n

n=>5,7,11, 13,17, 19, 23, 25, 29, 31, 35.

n

With the calculated switching anglesthe controlled transistors of eleven level transistor clamped inverter
arefired. Thefigures 11 and 12 show the output voltage and its frequency spectrumfor eleven level inverter
with SHMPWM technique. It is depicted from the figurell that the harmonics up to 35 are mitigated and
the THD up to 40" harmonics is 8.17% which is less compared to SHEPWM method (10.52%).
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Figure 11: Output voltage of eleven leve transistor clamped inverter with SHMPWM technique
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Figure 13: comparison of the SHEPWM method and SHM PWM method with the limited values for eleven leve inverter

The figurel3 shows the comparison between the SHEPWM method and SHMPWM method with the
limited values given by the gridcodes for eleven level transistor clamped inverter. From the figurel3 it is
visible that using SHMPWM method the harmonics up to 40 are mitigated below the limited values.

CONCLUSION

Inthispaper SHMPWM techniquewas introduced for transistor clamped five level and eleven level inverters.
The transistor clamped topology of five level inverter is having only five controlled transistors and eleven
level inverter is having only eight controlled transistors only, which reduces the cost of the system and
simplifies the control circuit. The simulation result of five level inverter with SHMPWM method gives the
output voltage with the THD up to 40" harmonic as 19.02%, which is low compared to SHEPWM
method(32.09%). Even though the THD is less for five level inverter using SHMPWM technique, few
harmonics are violating the grid code's standard. But using SHMPWM technique for eleven level inverter
al the harmonics up to 35 are limited below the grid code's standards. The switching frequency of the
switches used for the simulation of eleven level inverter are 50Hz,100Hz,200Hz and 250Hz. Even with the
low switching trangtions, the eleven level inverter with SHMPWM gives the output voltage with THD up
to 40" harmonic as 8.17%, which is approximately equal to gridcode’s standard (8%) and. less compared to
SHEPWM method (10.52%).

REFERENCES
[1] Prof R. KameswaraRao, P. Srinivas, M.V. Suresh Kumar. Design and analysis of variousinvertersusing different PWM
techniques. Thelnternational Journal Of Engineering And Science. 2014; 2319 - 1805, 41-51.

[2] Sandeep Kumar Singh, Harish Kumar, Kamal Singh, Amit Patel. A survey and study of different types of PWM
techniquesused in induction motor drive. International Journal of Engineering Science & Advanced Technology. 2014; 4
(1), 18- 22.

[3] M. Muthusalvi, K. Antony Samson. Design and analysis of PEM Fud Cell with Multilevel Inverter Using Multicarrier
PWM techniques. Artificial Intelligence and Evol utionary Computationsin Engineering Systems. 2016; 394, 1239-1252.

[4] Asawari Kulkarni, Prof D.E. Upasani. Implementation of SHEPWM in Single Phase Inverter. International Journal of
Scientific and Research Publications. 2016; 6 (1), 431-434.



6762 A. Sahaya Porekha, A. Shashidhar and M. Venkatesh

[5] Jagdish Kumar, Biswarup Das, Pramod Agarwal. Selective Harmonic Elimination Technique for a Multilevel Inverter.
Fifteenth National Power Systems Conference (NPSC), 1| T Bombay. 2008; 608 - 613.

[6] B.Ashok, A.Rajendran. SelectiveHarmonic Elimination of Multilevel Inverter Using SHEPWM Technique. International
Journal of Soft Computing and Engineering. 2013; 3 (2), 79 - 82.

[7] LiLi, D, Czarkowski, Yaguang Liu, P. Pillay. Multilevel Selective Harmonic Elimination PWM Technique in Series-
Connected Voltage Inverters. IEEE Transactions on Industry Applications. 2000; 36 (1), 160 - 170.

[8] Marzoughi, H. Imaneini. An Optimal Selective Harmonic Mitigation for Cascaded H-bridge Converters. Environment
and Electrical Engineering (EEEIC), 2012 11th International Conference. 2012; 752 - 757.

[9] Amirhossein Moeini, Hossein Iman-Eini, Mohamadkazem Bakhshizadeh. Selective harmonic mitigation-pul se-width
modul ati on technique with variable DC-link voltages in single and three-phase cascaded H-bridge inverters. IET Power
Electronics. 2014; 7 (4), 924 - 932.

[10] M. Mangj Kumar, N.Karthini, M.Revathy. Trans stor Clamped Cascaded H-Bridge Multilevel Inverter Fed Induction
Motor Drive. International Journal of Innovative Research in Science, Engineering and Technol ogy. 2014; 3(1), 732 -
737.

[11] Javier Napoles, Josel. Leon, Leopoldo G. Franquelo, Ramon Portillo, Migud A. SelectiveHarmonic Mitigation Technique
for Multilevel Cascaded H-bridge Converters. Industrial Electronics, 2009. IECON ' 09. 35th Annual Conference of IEEE.
2009; 806 - 811.

[12] Javier Napoles, Josel. Leon, Ramon Portillo, Leopoldo G. Franquelo, Miguel A. Aguirre. Selective Harmonic Mitigation
Technique for High-Power Converters. IEEE Transactionson Industrial Electronics. 2009; 57 (7), 2315 - 2323.

[13] Leopoldo GarciaFranquelo, Javier Napoles, RamOn C. Portillo Guisado, JosE Ignacio Leon, Migud A. Aguirre. A Flexible
Sel ective Harmonic Mitigation Techniqueto Meet Grid Codesin Three-Level PWM Converters. |EEE Transactions on
Industrial Electronics. 2007; 54 (6), 3022 - 3029.

[14] J. Napoles, R. Portillo, J. I. Leon, M. A. Aguirre, L. G. Franquelo. Implementation of aclosed loop SHMPWM Technique
for Three Level Converters. Industrial Electronics, 2008. IECON 2008. 34th Annual Conference of |EEE. 2008; 3260 -
3265.

[15] Yasmeen Fatima, Renu Yadav, Rameshwar Singh. Multilevel Inverters: A Survey of Different Topologies and Controls.
International Journal of Engineering and Technical Research. 2015; 3 (6), 272 - 275.

[16] SadhanaPandey, Praveen Bansal, SulochnaWadhwani. A ComparativeAnalysis Of Different TopologiesAnd Controls Of
Multileve Inverter. International Journal of Engineering Research and Applications - International Conference On Emerging
Trendsin Mechanical and Electrical Engineering (ICETMEE). 2014, 28 - 33.

[17] Bindeshwar Singh, Nupur Mittal, Dr. K.s. Verma, Dr. DegpendraSingh, S.P. Singh, Rahul Dixit, Manvendra Singh, Aanchal
Baranwal. Multi-Level Inverter: A Literature Survey On Topologies And Control Strategies. International Journal of
Reviewsin Computing. 2012; 10, 1-16.





