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ABSTRACT: In this paper, non-carrier based digital switching functions and patterns are developed using VHDL
language (DSFPV).Non-Carrier based switching angle method is selected for the reduced distortion characteristics.
Different methods of switching angle methods like equal phase method, half equal phase method, half height method
and feed forward method are designed and developed using VHDL coding. These generated digital switching pulses
are validated by interfacing with the 81-level Trinary Cascaded Hybrid Multi-Level Inverter (TCHMLI) simulink
model. The obtained simulation results are analysed by the measure of Total Harmonic Distortion (THD), Peak Voltage
(Vpeak), Root Mean Square Voltage (Vrms), Average Voltage (Vavg), Form Factor(FF) and Crest Factor(CF).
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I.LINTRODUCTION

Multi-level inverter is a device that converts Direct Current (DC) to Alternating Current (AC) with number of levels
resembling the sine wave. A multi-level power converter is an alternative in high power and medium voltage
applications. Multi-level inverter has several advantages in the field of power electronics like reduction in switching
losses, lower THD, enhanced Electro Magnetic Compatibility (EMC), reduced Electro Magnetic Interference (EMI)
and higher efficiency. The reduction of THD depends on the topology of multi-level inverter, its modulation schemes
and switching methods.

Multilevel voltage source inverter has arrangement of semiconductor switches and DC sources. The switches are
controlled to generate pulsed output sinusoidal waveform. Mostly switches in MLI are controlled by PWM strategies.
PWM switching control strategy enables the MLI to reach high voltage with low harmonics without the use of the
transformers. Increase in the number of voltage levels decreases the harmonic distortion of the output. Reduction in
harmonics distortion decreases losses and heat in motor drive applications.

I1.RELATED WORK

Different MLI topologies are designed which optimizes the power usage of the overall system by utilizing distinct type
of semiconductor and modulation strategies. A fundamental issue for a multilevel inverter is to find the switching
angles (times) of the inverter power switches that produce the required fundamental voltage and at the same time
eliminate or reduce the values of undesired specific low order dominant harmonics. Reduction of THD can be achieved
by using Mixed Integer Linear Programming (MILP) method at cost of high switching losses [1], switching angles
formulated by Fourier Series method [2] and the selective harmonics elimination method [3]. The MILP method aims
to minimize low order non-triplen odd harmonics starting from the 5™ harmonic. The triplen odd harmonics are self
cancelled in the output line voltage assuming a star connected three phase inverter. The total harmonic distortion
percentage (%THD) as well as the weighted total harmonic distortion percentage (%WTHD) is calculated from the
5" harmonics [1]. Switching angles formulated by Fourier series method can increase the number of voltage levels and
lower harmonic distortion with the same topology. The increase in the number of voltage levels leads to an
improvement in power quality and reduction on the size and power loss of filter [2].The VHDL codes are used in
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generation of modulating sinusoidal wave and carrier triangular wave for pulse width modulation to generate switch
patterns [4].The switch patterns were logically generated using c-code based on resultant theory [5] had advantage of
higher order harmonic reduction compared to the numerical method using newton raphson method. In this paper, a
digital mode of controlling the switches is designed to improve the performance of the whole system in terms of THD
and high power ratings.

I11.TRINARY CASCADED HYBRID MULTI-LEVEL INVERTER

Muli-level inverters are classified as (i) Diode Clamped type (ii) Flying Capacitor type (iii) Cascade type and
(iv) Hybrid type. Trinary Cascaded Hybrid Multi-Level Inverter (TCHMLI) is a hybrid type which uses unequal DC
link sources in each of its H-bridge circuits. Cascaded type trinary hybrid multilevel is used in this work as they require
less number of components than the other types. Cascaded MLI consists of a series of H-bridge inverter units which
synthesize a desired voltage from each separate DC source load voltage. TCHMLI never uses clamping diode and
flying capacitor in its circuit. TCHMLI uses less number of redundant components, a modular structure, no issue of
voltage balancing, and level extend is very simple [6].

In this work, a single phase TCHMLI is used to generate the 81-Levels DC link voltages in the ratio of 1:3:9:........:3"%;
where “i”” is the number of H-bridges is based on the equation.

Vgei = 3E where “Vg” is the DC link voltage of the “i" H-bridges”.
“E” is the unit voltage.

It has four H-bridges in its structure, which has four switches and a DC link source in each H-bridge is shown below in
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Fig.1 Trinary Cascaded Hybrid Multi-Level Inverter
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The switching functions for the 81-level TCHMLI are obtained based on the switching combinations of the DC
link sources. The switching function for each H-bridge is designed to out a positive DC value when the switches Sj; &
Sis are turned ON, a negative DC value when the switches S;; & Sz are turned ON and a zero value when either S;; &
Siz are turned ON or Sj;; & Si, are turned ON. Generally these switching functions are generated using pulse width
modulation strategy like phase disposition, alternate phase disposition, and in phase disposition which provides high
power with low harmonics [7].In this work switching functions are designed using switching angle methods. The
development of switching patterns to generate 81 DC levels using switching angle method is explained in the following
section.

1V. PROPOSED SWITCHING ANGLE METHOD

Multi-level inverter is designed for different topologies using several techniques with many advantages. An improper
arrangement of switching angles in MLI could not generate an efficient AC output waveform. The Switching Angle
method is utilized for the evaluation of angles to generate the different DC levels in the multi-level inverter and reduce
THD.

The switching angle method enables the multi-level inverter to generate an output resembling the sinusoidal wave. The
switching angle method is a non-carrier based method; hence no modulation schemes for the generation of switching
pattern are required. Switching angle is the point or event at which the multi-level inverter proceeds from one level to
the next level. The switching angle method is a technique which formulates all events that occur within one cycle to
change the output of the multi-level inverter. Once all these switching angles are derived, the sequence for switch
patterns is formatted as required by the type of “m-level” multi-level inverter.

The switching angle method divides the multi-level inverter output into four quadrants in angles.
(i) First Quadrant (0°-90°) (ii) Second Quadrant (90°-180°) (iii) Third Quadrant (180°-270°) and
(iv) Fourth Quadrant (270°-360°).The evaluations of switching angles in each of these quadrants are relatively simple
and interlinked.

For “m”- level ,the switching angles in the first quadrant (0°-90°) are calculated as say as, a2, @3 @4 @5, ,Cmay2,
second quadrant (90°-180°) as m — a(m-1y2,-....., T — &5, T — s, T — A3, T — A, T — @, third quadrant (180°-270°) as
m+tomnta; T+ay oy m+as ...
2T — a5 21 — a2 — a3 2T — Ay 2T — ;.

This switching angle estimation is validated by implementing in four methods. They are

(i) Equal Phase Method (EPM): The switching angles are estimated and arranged with equal space from 0 to 7.

(ii) Half Equal Phase Method (HEPM): The switching angles are calculated and placed with equal space in alternate
angles.

(iii) Half Height Method (HHM): The switching angles are manipulated and assigned with equal space till the half of
the multi-level inverter output and with equal space in alternate angles above the half of the multi-level inverter output.

(iv) Feed Forward Method (FFM): The switching angles are derived and designated with equal space till the quarter
of the multi-level inverter output such that the wider gap between the positive half cycle and negative half cycle is
reduced than the above three methods.

V. DSFPV ALGORITHM

Very High Speed Integrated Circuit Hardware Description Language (VHDL) allows modelling the behaviour of the
required system and verifying it by simulation before getting synthesized. VHDL is used for the design of 81-Level
TCHMLLI. In fig.2, the DSFPV has two blocks namely Digital Switching Function using VHDL code (DSFV block)
and Digital Switching Pattern using VHDL code (DSPV block) to generate the switching functions and patterns.
For the 81-level TCHMLI, there are 40 switching angles in each of the four quadrants which are calculated for all the
four switching angle methods. These 160 switching angles are converted into 2° bit equivalent. The DSFV block
designed by VHDL coding, outputs the 80 voltage levels in which 40 for positive half cycle and 40 for negative half
cycle as shown in Table.1
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In the DSPV block, the 80 voltage levels and a zero voltage level are combined logically to generate the patterns
required for the 16-switches in the H-bridges of 81-level TCHMLI. The 16-switching patterns are interfaced with the
developed TCHMLI MATLAB SIMULINK model to get the sinusoidal output with reduced THD. Fig.3 explains the
design flow for DSFPV algorithm. The designed switching pattern are verified by XILINX tool in Matlab and validated
by interfacing with the cascaded hybrid multi-level inverter model developed using SIMULINK. POWER SYSTEM

BLOCK SET.
Table 1: DC link source combination for 81-levels TCHMLI
Positive DC link Source Positive DC link Source Negative DC link Source Negative | DC link Source
Voltage Combinations Voltage Combinations Voltage Combinations Voltage Combinations
Levels Levels Levels Levels
40 +1+3+9+27 20 -1+3-9+27 -40 -1-3-9-27 -20 +1-3+9-27
39 +3+0+27 19 +1-8+27 -39 -3-9-27 -19 -1+0-27
38 -1+3+0-27 18 -9+27 -38 +1-3-9-27 -18 +08-27
37 +1+0+27 17 -1-9+27 -37 -1-9-27 -17 +1+9-27
36 +0=27 16 +1-3-0=27 -36 -0-27 -16 -1+3+0-27
35 -1+9+27 15 -3-9+27 -35 +1-9-27 -15 +3+9-27
34 +1-3+9+27 14 -1-3-9+27 -34 -1+3-9-27 -14 +1+3+9-27
33 -3+0+27 13 +1+3+0 -33 +3-0-27 -13 -1-3-9
32 -1-3+0+27 12 +3+0 -32 +1+3-9-27 -12 -3-9
31 +1+3+27 11 -1+3+0 -31 -1-3-27 -11 +1-3-9
30 +3+27 10 +1+0 -30 -3-27 -10 -1-8
20 -1+327 9 +9 -29 +1-3-27 -9 -9
28 +1+27 8 -1+9 -28 -1-27 -8 +1-9
27 +27 7 +1-3+0 -27 27 -7 -1+3-9
26 -1+27 6 -3+0 -26 +1-27 -6 +3-9
25 +1-3+27 5 -1-3+0 -25 1+3-27 -5 +1+3-9
24 -3+27 4 +1+3 -24 +3-27 -4 -1-3
23 -1-3+27 3 +3 -23 +1+3-27 -3 -3
22 +1+3-9+27 2 -1+3 -22 -1-3+9-27 -2 +1-3
21 +3-9+27 1 +1 -21 3+9-27 -1 -1
Select Level (m=81)
= ,
5 Calculate a1, a2, o3, oed, @03, 06, @07 €240
A in each quadrant.
Syswm
Convert a1, o2, 3, &4, @05, 06, €07, 40 I
BTO?E each quadrant to 2° bits
. v
T+ !_.,.. DSFV Block (VHDL code)
! H-Bridges 5[39:0] for positive levels & sh[39:0]
100K for negative levels

Fig 2- Matlab-Simulink model interfacing DSPFV algorithm
with 8 1-level TCHMLI
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Fig .3: Design flow for DSFPV Algorithm
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VI. RESULT AND DISCUSSION

Simulation of 81-level TCHMLI is done using SIMULINK Power System Blockset. The trinary dc link sources used
are Vgo = 5E, Vy2=15E, Vy43=45E and Vy4=135E V. Simulation results validating the different angle methods using
the proposed DSFPV algorithm are presented.
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Fig. 4: Digital Switching patterns for 81-level TCHMLI using EPM

Fig.4 shows the digital switching pattern for the TCHMLI using EPM. In the EPM, the switching angles are arranged in
the range of 0 to 7.
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Fig. 5: Output of 81-level TCHMLI using EPM
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Fig. 6: THD of 81-level TCHMLI using EPM

Fig.5 and Fig.6 show the simulation output and the THD of 12.22% for the 81-level TCHMLI-EPM.
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Fig. 7: Digital Switching patterns for 81-level TCHMLI using HEPM

The digital switching pattern for the 81-level TCHMLI using the switch pattern HEPM is shown in Fig.7.
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Fig. 8: Output of 81-level TCHMLI using HEPM

Fig.8 shows the 81-level output waveform of TCHMLI using the switch pattern HEPM and the THD of the HEPM is
found to be 12.28% as shown in Fig.9. The simulated 81-level output waveforms of TCHMLI using EPM and HEPM
depicts the fact that none of the above methods were close to a sinusoidal waveform. This problem was rectified by the
design of 81-level TCHMLI using HHM.

Fundamental (50Hz) = 163.8 , THD=12.28%
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Fig. 9: THD of 81-level TCHMLI using HEPM
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Fig. 10: Digital Switching patterns for 81-level TCHMLI using HHM

Fig.10 shows the digital switching patterns. The output obtained from the DSFPV algorithm using this method is close
to a sinusoidal waveform and is shown in Fig.11 and Fig.12 shows the THD value of the HHM as 1.42%.
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Fig. 11: Output of 81-level TCHMLI using HHM
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Fig. 12: THD of 81-level TCHMLI using HHM
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Fig. 13: Digital Switching patterns for 81-level TCHMLI using FFM

The 81-level TCHMLI is designed by using the switch pattern FFM as shown in Fig.13. The 81-level output waveform
of TCHMLI using FFM is presented in Fig.14.The 81-level output waveform of TCHMLI using FFM as shown in
Fig.15 has more duration for its peak level ,hence its THD is 10.33%.
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Fig. 14: Output of 81-level TCHMLI using FFM
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Fig. 15: THD of 81-level TCHMLI using FFM

The switching angle methods designed by DSFPV algorithm can be easily implemented using FPGA in the future. This
DSFPV algorithm is flexible to synthesize and provide a new way of implementing the TCHMLI with less design
complexity. The different switching angle methods are developed for the different levels say 9-level, 27-level, 81-level
of TCHMLI. The simulated results for each 9,27,81-level TCHMLI are analysed by the performance measure Vpeak,
Vrms, Vavg, THD,FF and CF are shown in Table 2.
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Table 2: Comparison of switching angle methods

LEVELS LEVEL-9 LEVEL -27 LEVEL -81
meTHops | VPeR V;m Vavg T(;jo [)) FF | cr | VP V;m Vavg T(;) [)) FE | cF | P | vims | Vavg T(;) [)) FF | cF
EPM | 3253 | 2302 | 2071 | 2096 | 11 | 1.414 | 1065 | 7531 | 67.8 | 1353 | 111 | 1414 | 1625 | 114.90 1053'4 1222 | 111 | 1414
1
HEPM | 3571 | 2525 | 2273 | 1821 | L1 | 1414 | 100 | 7707 | 6939 | 1315 | 111 | 1414 | 1638 | 11582 10;"2 1228 | 111 | 1414
HHM | 4279 | 30.25 | 27.24 | 1013 | 11 | 1.414 | 127.3 | 90.01 | 81.04 | 367 | 111 | 1414 | 197.6 | 139.72 125'7 142 | 111 | 1414
1
FFM | 47.28 | 3343 | 3009 | 1872 | 1.1 | 1.414 | 1512 | 106.9 | 96.25 | 15.44 | 111 | 1.414 | 2243 | 158.60 145'7 1033 | 111 | 1414
1

VII.CONCLUSION

In this paper non-carrier based switching angle method digital switch patterns were generated using VHDL coding to
produce the sinusoidal output waveforms for improving the power quality of trinary mode cascaded hybrid type MLI.
Performance factors like THD related to power quality issues and Vrms, Vavg, Vpeak related to DC bus utilization
were evaluated and analysed. TCHMLI using HHM method is found to be satisfactory with more than ten times
reduction of THD from 12.28% to 1.42% in 81-level MLI, from 15.44% to 3.67% in 27-level MLI, from 20.96% to
10.13% in 9-level MLI. Table 2 implies the inverse relationship between the number of levels and THD.TCHMLI
using FFM method is found satisfactory for DC bus utilization. Therefore the MLI for a particular application based on
output voltage quality and distortion level reduction can be selected.
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