CHAPTER 8

EXPERIMENTAL RESULTS



Chapter 8 Experimental Results

In this chapter, results obtained from hardware implementation are compared
with simulation results for selected scheme. Comparison is on basis of THD, output
voltage obtained and fundamental voltage from FFT analysis. Hardware testing is done
with lower as well as higher voltage. For lower voltage 12V batteries are taken as supply
for singlé phase as well as three phase. Initially single leg is tested with and without
modulation. Similar three cards are made and tested individually then three phase
connections are done. In three phase output is obtained for different modulation
techniques which have been already discussed in previous chapters. Modulation index is
taken either 0.9 while frequency modulation index is 21.Control signals are applied using
SIMULINK-CCS3.1-EMULATOR C2000 USB--DSP KIT 28335 as discussed in
chapter 6.

Output is saved in DSO in .bmp and .csv extension. The file saved in .csv format
is imported in MATLAB R2013a and then THD is found. Limitations of this method are:
1) maximum 1024 'points are saved ii) first half cycle output reconstructed from such
points is not proper iii) maximum two cycles are obtained from points saved in .csv
format.

» Further sections describe different outputs for various ratings of voltage and
current with different gating pulses for selected configuration of single phase and three
phase HMLL

8.1 HARDWARE RESULTS FOR SINGLE PHASE HYBRID
MULTILEVEL INVERTER
Single phase hybrid multilevel inverter is tested on 12V batteries and respective
five level output is obtained. Output is taken for R and R-L load.

8.1.1 HARDWARE OUTPUT FOR SINGLE PHASE HMLI WITHOUT
MODULATION :

Fig 8.1 shows control signals for six switches. Fig 8.2 shows five level output
220 Q-%: Watt resistor connected as load. Fig. 8.3 is THD obtained from .csv file
imported to MATLAB.
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Fig. 8.3 FFT analysis and THD for single phase HMLI without modulation

8.1.2 HARDWARE OUTPUT FOR SINGLE PHASE HMLI WITH PD
MODULATION TECHNIQUE

Fig 8.4 shows control signals for six switches. Fig 8.5 (a) shows five level output
across 220 G- | Watt resistive load. Fig 8.5 (b) shows five level output across R-L load.
Fig. 8.6 shows current through RL load for single phase HMLI with PD modulation
technique. Fig 8.7 (a) is five level output with FFT for R load as mentioned above.
Control signals are given at sample rate of 10 kHz which is changed to 100 kHz for
better resolution as shown in Fig 8.7 (b). Fig. 8.8 is THD obtained from .csv file
imported to MATLAB. Fig. 8.9 shows similar output for second card.
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Fig. 8.9 Single phase HMLI output with PD modulation technique for R load

8.2 HARDWARE RESULTS FOR THREE PHASE HYBRID
MULTILEVEL INVERTER

Three phase hybrid multilevel inverter is tested on 12V batteries and as discussed
in chapter 7 DC supply for three phase inverter is double the H bridge supply hence two
batteries in series are connected. Testing is also done with regulated power supplies of
value 80V and 40V. Output is measured across resistive load in star configuration.

Control signals are phase shifted by 120°. Different modulation techniques are applied.

8.21 HARDWARE OUTPUT FOR THREE PHASE HMLI WITH PD
MODULATION TECHNIQUE

130



Chapter 8 Experimental Results

i) BATTERIES AS SUPPLY
Fig 8.10(a) shows control signals with PD modulation technique for switches of

card 1 and card 2 which are 120" apart.
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Fig. 8.10 Control signals for three phase HMLI with PD modulation technigue
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Fig 8.11(a) shows 9 level line to line output voltage(v0T). 100 Q-1 W resistors are
star connected as load. Fig 8.1! (b) output voltage vyb Fig 8.12 (a) output voltage vrb. Fig
8.12(b) shows 7 level vR output voltage while Fig 8.13(a) and (b) shows 7 level output
voltage vy and vb respectively. Control signals were given at sample rate of 25 kHz due
to limitation of MATLAB SIMULINK. Fig. 8.14 shows THD obtained from .csv file

imported to MATLAB for one output and other values are mentioned in Table 8.1.

(a) vy (b) vB phase
Fig. 8.13 Three phase HMLI output with PD modulation technique
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Fig. 8.14 FFT analysis and THD for 3 phase HMLI with PD modulation technique
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ii) REGULATED POWER SUPPLY

Fig 8.15(a) and (b) shows 9 level line to line output voltage vgy and vyp
respectively. Three 1 kQ- 10 W resistors are connected in parallel to obtain equivalent
resistor of 330 Q which are star connected as load. Fig 8.16 (a) output voltage vgg and
Fig 8.16 (b) shows 7 level vz phase output voltage. Control signals were given at sample
rate of 25 kHz due to limitation of MATLAB SIMULINK. Fig. 8.17 is THD obtained
from .csv file imported to MATLAB for one output and other values are mentioned in
Table 8.1.
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Fig. 8.17 FFT analysis and THD for three phase Fine to line voltage for RY 330J1
star load

Fig 8.18 (a) shows 9 level line to line output voltage(vw). 33Q- 1000 W heater
coil are star connected as load. Fig 8.18 (b) shows output voltage vYB. Fig 8.19 (a) shows
output voltage vRB. Control signals were given at sample rate of 25 KHz due to limitation
MATLAB SIMULINK. Fig. 8.21 is THD obtained from .csv file imported to MATLAB
for one output and other values are mentioned in Table 8.1. Fig. 8.19 (b) shows output
current iR measured across 1H resistor connected in series with load. Fig. 8.20(a) and (b)

show output current iY and iB respectively.

(@) VRY (b) vyb
Fig. 8.18 Three phase HMLI output with PD modulation technique 33i2
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Fig. 8.21 FFT analysis and THD for 3 phase HMLI with PD modulation technique

8.2.2 HARDWARE OUTPUT FOR THREE PHASE HMLI WITH POD
MODULATION TECHNIQUE

i) BATTERIES AS SUPPLY

Fig 8.22(b) shows control signals with POD modulation technique for switches of
card | and card 2 which are 120° apart. Fig 8.23(a) shows 9 level line to line output
voltage(vRj')- 100 O- ! W resistors are star connected as load. Fig 8.23(b) shows output
line voltage. Fig 8.24 (a) output voltage vrr. Fig 8.24 (b) shows 7 level vr phase output
voltage while Fig 8.25 (a) and (b) show 7 level phase voltage vyand vr respectively.

Control signals were given at sample rate of 25 kHz due to limitation of MATLAB

SIMULINK.
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Fig. 8.22 Control signals for three phase HMLI with POD modulation
technique
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Fig. 8.25 Three phase HMLI output with POD modulation technique
Fig. 8.26 is THD obtained from .csv file imported to MATLAB for one output

and other values are mentioned in Table 8.1.
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Fig. 8.26 FFT analysis and THD for 3 phase HMLI with POD modulation technique

8.2.3 HARDWARE OUTPUT FOR THREE PHASE HMLI WITH APOD
MODULATION TECHNIQUE

i) BATTERIES AS SUPPLY

Fig 8.27(a) shows control signals with APOD modulation technique for switches
which are 120° apart.

STOP | ( | Lo 40kSa/s STOP  ----- E—— [ A— [F— 40KSa/s

P—

M Jiiiv inm 0 mil Ml _lif__L

JilliniLJilL JilH  m—
l M i

- 2.00. . . CHI . i
CHI- 2.00 Ha® 2.000 H 3.00SS 9+,(;080(())(;0 UM= Z.00V n 0.00ms Hndogoggv

(@) Gi Gi (b) Gi Gj
Fig. 8.27 Control signals for three phase HMLI with APOD modulation technique
Fig 8.28(a) shows 9 level line to line output voltage(v/?K)-100 Q- | W resistors are

star connected as load. Fig 8.28(b) output voltage «»« Fig 8.29(a) output voltage
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. Fig 8.29(b) shows 7 level vR phase output voltage while Fig 8.30 (a) and (b)
show 7 level output voltages vy and VR respectively. Control signals were given at sample
rate of 25 kHz due to limitation of MATLAB SIMULINK. Fig. 8.3! is THD obtained

from .csv file imported to MATLAB for one output and other values are mentioned in

Table 8.1
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O FFT window
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Bar (relative to fundamertaf)

Fig. 8.31 FFT analysis and THD for 3 phase HMLI with APOD modulation

technique

8.24 HARDWARE OUTPUT FOR THREE PHASE HMLI WITH THIRD
HARMONIC MODULATION TECHNIQUE (PD)

i) BATTERIES AS SUPPLY

Fig 8.32(b) shows control signals with third harmonic injection modulation
technique for switches which are 120° apart. Fig 8.33(a) shows 9 level line to line output
voltage”). 100 O- | W resistors are star connected as load. Fig 8.33(b) shows output
voltage vra. Fig 8.34(a) is output voltage VRB. Fig 8.34(b) shows 7 level vR phase output
voltage while Fig 8.35(a) and (b) show 7 level output voltage vy and VR respectively.
Control signals were given at sample rate of 25 kHz due to limitation of MATLAB
SIMULINK. Fig. 8.36 is THD obtained from .csv file imported to MATLAB for one

output and other values are mentioned in Table 8.1
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Fig. 8.36 FFT analysis and THD for 3 phase HMLI with third harmonic injection
modulation technique Y-B

ii) REGULATED POWER SUPPLY

Fig 8.37(a) shows 9 level line to line output voltage(vy?K)- 1 kE2- 10 W resistors
are star connected as load. Fig 8.37(b) output voltage vybl Fig 8.38(a) output voltage vrb-
Fig 8.38(b) shows 7 level vR output voltage while Fig 8.39(a) and (b) show 7 level output
voltage vy and vb respectively. Control signals were given at sample rate of 25 kHz due
to limitation of MATLAB SIMULINK. Fig. 8.40 is THD obtained from .csv file

imported to MATLAB for one output and other values are mentioned in Table 8.1

(a) VrY (b) VRB
Fig. 8.37 Three phase HMLI output with third harmonic injection modulation
technique
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Fig. 8.38 Three phase HMLI output with third harmonic injection modulation
technique
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Fig. 8.39 Three phase HMLI output with third harmonic injection modulation
technique

Fig. 8.40 FFT analysis and THD for 3 phase HMLI with third harmonic injection
modulation technique
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Table 8.1 Summary of output

Experimental Results
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POD Vyg 012 96 | 41.56 | 0.58 100
Vs 017 | 96 |4157) 065 | 96 | 100 | 3828 | 158
Yy 2142 015 41571019 | 9 | 100 | 3728 | 1.54
APOD 0377,
Ve 015/01 arss |97 96 | 100 | 3676 | 182
Vg 01702 41.53 'li’ 61 96 | 100 | 3682 | 172
Yy 2]‘; ol 96 |4586| 214 | 96 | 100 | 4657 | 2.44
Vs 019 | 96 |4543] 196 | 96 | 100 | 4598 | 241
Third
Harmorio | v 015 | 96 |4582] 237 | 9 | 100 | 46.13 | 252
Injection | i%‘ 019702 | 320 | 1526 | 1.51 | 322 1k 1486 | 1.65
vre 019/017 | 320 | 153 | 177 | 322 | 1k | 1504 | 2.06
Vg 0197019 | 320 | 1526 | 151 | 322 | 1k | 1511 | 1.64
12
PD vo | 12 01 48 | 24 o079 | 40 | 100 | 1841 | 461
12

Number of cycles for THD----1
Output levels for 3 phase----9
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Chapter 8 Experimental Results

V----Fundamental voltage
V—--Peak to peak output voltage in volts
THD noted at maximum frequency as 300Hz.

vo----Single phase output
8.3 SUMMARY

In this chapter hardware results are given. Hardware was tested at low voltage
battery and high voltage regulated power supply. Results were compared for low and
high voltage for different modulation techniqﬁes. It is observed that t“here is no much
difference in THD as voltage is increased from low to high.

It is observed that with PD modulation technique THD obtained from simulation
much more less with respect to THD obtained from hardware results for low as well as
high DC voltage applied. POD and APOD modulation techniques are implemented for
low DC -voltage. Variation in THD is more for APOD modulation technique when
simulated and applied for hardware as compared to POD modulation technique results.

It was expected that THD would be less for third harmonic injection modulation

technique as compared to other modulation techniques, but practically THD is more.
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