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CHAPTER 6

EXPERIMENTAL VERIFICATION AND RESULTS

6.1 Hardware Specification

To verify the simulating results in Chapter 5, a multilevel inverter circuit is

implemented. The schematic of a 3-phase 7-level cascaded inverter with SDCSs, which is

used to verified the simulation results of OHSW technique, is illustrated in Fig. 6.1.
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Figure 6.1 Schematic of a 3-phase 7-level cascaded inverter circuit used to verify
the simulated results.
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The hardware prototype shown in Fig. 6.1 comprises four main parts as follows:

1) The control circuit

An AT89C51 microcontroller is used as the main processor, which provides

the gate logic signals. A gate signal is latched by a D-Type Flip-Flops. In the

circuit, a 74LS374 is used to latch 8 gate signals.

2) The gate-driver circuit

HP 316J is used as a gate-driver, which receives a TTL logic signal from the

microcontroller and provides +15 V for turn on gate single and –5 V for turn

off gate signal to drive a switch.

3) The power stage

In a power stage, four IGBT, HGT30N60B, are used as the main switches,

which are connected in full-bridge configuration. Each power stage is

supplied by a variable dc source. The rated output power is 1.8 kW.

4) The load circuit

In each phase, a 50 Ω resistor and a 10 mH inductor are connected in series.

To control gate signals, the command program, which is implemented in

assembly language, is generated on a personal computer and then transferred to the

microcontroller on the control circuit board.

The output waveforms are measured by LeCroy LC534AL. The frequency

spectrum are measured by an oscilloscope, HP35665A and are plotted by a graphics

plotter, HP7550A.
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6.2 Experimental Results

The phase voltages, line voltages, and load current are measured by the

oscilloscope and stored  in TIF format pictures. The line voltage THD is measured by the

spectrum analyzer and plotted by the graphics plotter.

6.2.1 OHSW experimental results

The switching pattern of OHSW technique is programmed and is loaded to the

microcontroller on the control circuit. The output voltage is 110Vrms at 400Hz. Thus, the

amplitude supplied each H-bridge inverter is set to be 52V to get 156Vpeak. Three

modulation indices such as 1.00, 0.85, and 0.55, are operated. The experimental results

are shown in Fig. 6.2 to 6.4.
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The 3-phase 7-level cascaded inverter with M = 1 and f = 400Hz.

Figure 6.2(a) Phase A and C voltage.

Figure 6.2(b) Phase voltage, line voltage and load current.
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The 11th (6.13V)

Fundamental  (270.1V)

Line voltage THD = 12.3%

The 5th (1.45V)
The 7th (0.68V)

Figure 6.2(c) Frequency spectrum of line voltage.
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The 3-phase 7-level cascaded inverter with M = 0.85 and f = 400Hz

Figure 6.3(a) Phase A and C voltage.

Figure 6.3(b) Phase voltage, line voltage, and load current.
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The 11th (3.82V)

Fundamental  (230.3V)

Line voltage THD = 14.8%

The 5th (0.53V)
The 7th (0.71V)

Figure 6.3(c) Frequency spectrum of line voltage.
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The 3-phase 7-level cascaded inverter with M = 0.55 and f = 400Hz.

Figure 6.4(a) Phase A and C voltage.

Figure 6.4(b) Phase voltage, line voltage, and load current.
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The 11th (4.79V)

Fundamental  (147.9V)

Line voltage THD = 24.8%

The 5th (0.60V)
The 7th (0.27V)

Figure 6.4(c) Frequency spectrum of line voltage.
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6.2.1.1  Summary

From Fig. 6.2 to 6.4, the experimental line voltage THD measured by the signal

analyzer are 12.3%, 14.8%, and 24.8% for M = 1, 0.85, and 0.55, respectively. Compared

to the simulation line voltage THD, the amplitude of these experimental results are higher

because the experimental output waveforms consists of unexpected even harmonic

components as shown in Fig. 6.2(c) to 6.4(c). Basically, possible problems are

(1) Resolution of the angle in the look-up table.

(2) Uncontrolled dc source magnitude.

Thus, the asymmetric waveform characteristic may cause the problem. Also, the

switching noise introduced in the output waveform can make the waveform asymmetric.
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Figure 6.5 The comparison between the simulation results and Experimental results.
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However, the experimental results are consistent with the simulation results in the

aspect of the relationship between line voltage THD and the modulation index as shown

in Fig. 6.5.

6.2.2  SHE PWM experimental results

For SHE PWM inverter, the multilevel inverter circuit in 6.1 is used by remaining

only one H-bridge inverter per phase. The switching pattern of SHE PWM technique is

generated and loaded to the microcontroller on the control circuit. For a 3-phase 7-

switching angle SHE PWM, the 156 Vdc voltage source is used to supplied each H-

bridge-inverter. Three modulation indices such as 1.00, 0.85, and 0.55, are verified. In

this experiment, a 5- and 9-switching angle SHE PWM with M = 1.00 are also verified.

The experimental results are shown in Fig. 6.6 to 6.10.
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The 3-phase 7-switching angle SHE PWM with M = 1 and f = 400Hz.

Figure 6.6(a) Phase A and C voltage.

Figure 6.6(b) Phase voltage, line voltage, and load current.
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11th

Fundamental  (269.4V)

Line voltage THD = 51.4%

5th

7th 13th

17th

19th

23th

Harmonic Order Amplitude (V)
5th 2.55
7th 2.92
11th 5.32
13th 3.85
17th 1.10
19th 3.21
23rd 2.74

Figure 6.6(c) Frequency spectrum of line voltage.
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The 3-phase 7-switching angle SHE PWM with M = 0.85 and f = 400Hz.

Figure 6.7(a) Phase A and C voltage.

Figure 6.7(b) Phase voltage, line voltage, and load current.
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11th

Fundamental  (233.1V)

Line voltage THD = 58.4%

5th

7th 13th

17th

19th
23th

Harmonic Order Amplitude (V)
5th 1.61
7th 2.65
11th 0.55
13th 3.24
17th 1.16
19th 1.89
23rd 60.49

Figure 6.7(c) Frequency spectrum of line voltage.
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The 3-phase 7-switching angle SHE PWM with M = 0.55 and f = 400Hz.

Figure 6.8(a) Phase A and C voltage.

Figure 6.8(b) Phase voltage, line voltage, and load current.
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11th

Fundamental  (148.9V)

Line voltage THD = 79.1%
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5th 0.84
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19th 3.53
23rd 3.73

Figure 6.8(c) Frequency spectrum of line voltage.
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The 3-phase 5-switching angle SHE PWM with M = 1 and f = 400Hz.

Figure 6.9(a) Phase A and C voltage.

Figure 6.9(b) Phase voltage, line voltage, and load current.
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11th

Fundamental  (271.5V)

Line voltage THD = 57.6%

5th

7th 13th
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Harmonic Order Amplitude (V)
5th 1.92
7th 0.55
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Figure 6.9(c) Frequency spectrum of line voltage.
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The 3-phase 9-switching angle SHE PWM with M = 1 and f = 400Hz.

Figure 6.10(a) Phase A and C voltage.

Figure 6.10(b) Phase voltage, line voltage, and load current.
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11th

Fundamental  (268.5V)

Line voltage THD = 52.4%

5th

7th 13th

17th

19th

23th

25th
29th

Harmonic Order Amplitude (V)
5th 2.71
7th 3.59
11th 6.14
13th 2.71
17th 3.16
19th 4.63
23rd 2.74
25th 0.94
29th 22.95

Figure 6.10(c) Frequency spectrum of line voltage.
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6.2.2.1 Summary

The experimental results from Fig. 6.6 to 6.8 are plotted in Fig. 6.11, which are

compared with the simulation results. The experimental THDs are higher than the

simulation THDs. However, the line voltage THD is still inversely proportional to the

modulation index as introduced by the simulation results.
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Figure 6.11 Expermental results and simulation results of the line voltage THD versus the

modulation index.

The experimental results from Fig. 6.9 and 6.10 together with Fig. 6.6 are plotted

in Fig. 6.12 to verify the simulation results of the line voltage THD as a function of the

number of the switching angle per quarter. From Fig. 6.12, the experimental results agree
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with the simulation result. that, the line voltage THD does not decrease, when the number

of switching angles increses. As discussed in section 5.1.3, the expermental frequency

spectrum shows that the first most significant harmonics are shifted to a higher

frequency.

Line voltage THD vs. the number of switching angles per quarter
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Figure 6.11 Expermental results and simulation results of the line voltage THD versus the

number of switching angles per quarter.

6.3 Conclusions

The experimental results validate the simulation results quite well. The presented

optimized harmonic stepped-waveform is very suitable for the multilevel inverter
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topologies. The switching angle solutions are easily achieved by using numerical method,

which can be implemented with a computer control.

The inaccurate switching pattern, which is synthesized by the microcontroller,

causes the unexpected harmonic components in the output waveform. This results in a

higher line voltage THD in the experiment results. The more switching angles, the more

asymmetric. In SHE PWM, even harmonic amplitude are very high. In some cases, the

even harmonics are even higher than the odd harmonics. On the other hand, in OHSW

case, even harmonic is not a significant problem because the low number of switching

angles is required.

A high speed digital signal processing need to be used as a processor in future

work. In the experimental, the approximated switching angles are programmed instead of

the precise ones because of the speed of the microcontroller is not high enough.

Therefore, the asymmetric output waveform is introduced.


