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This paper presents a photovoltaic (PV) system to convert the solar energy into electrical
energy. DC power from PV system is converted into AC power using multilevel inverters.
Cascaded H-bridge (CHB) inverter and diode clamped inverter (DCI) are used to convert
variable DC power into sinusoidal AC power. Harmonic content is the important part to
improve the efficiency of the inverter. Harmonics of CHB inverter and DCI are simulated and
analyzed with different pulse width modulation (PWM) techniques.
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1. Introduction

The developments of renewable energy resources are focused recently to reduce the
pollution in the world. In the solar system, inverter is the important part to convert
variable DC power into sinusoidal AC power and is connected to the electrical grid or
to a local, off-grid electrical network.! Function of the inverter is fully controlled by
a microcontroller. The microcontroller executes the algorithms to generate the
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triggering pulses to control the inverter. The controller is also used to obtain max-
imum power from the photovoltaic (PV) panel through algorithms called maximum
power point tracking (MPPT).”

The purpose of using multilevel inverters in the grid connected system is having
more benefits than the other inverters. Some of the advantages are less dv/dt rating,
low switching stress, less harmonic content and low electromagnetic interference.
There are three types of multilevel inverters used to convert DC to AC, namely diode
clamped inverter (DCI), flying capacitor inverter and cascaded H-bridge (CHB)
inverter.” Harmonic spectrums are simulated and analyzed for DCI and CHB in-
verter with phase shifted pulse width modulation (PSPWM), level shifted pulse
width modulation (LSPWM) and space vector pulse width modulation (SVPWM)
for various modulation indices.*"

1.1. The DCI

There are totally 3(m — 1)(m — 2) clamping diodes, 6(m — 1) active switches and
(m — 1) DC link capacitors (where m is number of levels). Main problem in DCI is
the deviation of neutral point due to unbalanced voltage and also the sharing of
capacitor voltage is not equal. Single DC source is needed in DCIs. Nine-level DCI is
simulated using different pulse width modulation (PWM) techniques and harmonics
content of the DCI is compared with CHB inverter.®
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Fig. 1. Circuit diagram of nine-level CHB inverter.
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1.2. The CHB inverter

This inverter consists of number of H-bridges connected in series. To form a
(2H + 1)-level inverter, H numbers of H-bridges are cascaded.

Separate DC bus is required for each H-bridge and for m-level inverter, 2(m — 1)
numbers of switches per phase and 2(m — 1) numbers of antiparallel diodes are
needed.” Power circuit of the nine-level CHB inverter with RLC load is shown in
Fig. 1. V. denotes the input DC bus voltage from PV array.

Table 1 shows the switching states of nine-level CHB inverter. An advantage of
multilevel inverter is redundancy of switching state (to get the same level of voltage)
and different switchings are possible, and it allows a flexibility in switching.® The
above-mentioned switching states and corresponding voltage levels are obtained by
different types of carrier-based PWM techniques.

Table 1. Switching states of CHB inverter.

Switching states

Phase voltage Viy  S11  S31 S12  S32 S13 S33 SI14 S34

0 1 1 1 1 1 1 1 1
4V, 1 0 1 0 1 0 1 0
4V, 0 1 0 1 0 1 0 1
3Vie 1 1 1 0 1 0 1 0
1 0 1 1 1 0 1 0
1 0 1 0 1 1 1 0
1 0 1 0 1 0 1 1
3V, 1 1 0 1 0 1 0 1
0 1 1 1 0 1 0 1
0 1 0 1 1 1 0 1
0 1 0 1 0 1 1 1
2V, 1 1 1 1 1 0 1 0
1 1 1 0 1 1 1 0
1 1 1 0 1 0 1 1
1 0 1 1 1 1 1 0
1 0 1 1 1 0 1 1
1 0 1 0 1 1 1 1
—2V. 1 1 1 1 0 1 0 1
1 1 0 1 1 1 0 1
1 1 0 1 0 1 1 1
0 1 1 1 1 0 1 1
0 1 1 1 1 1 1 0
0 1 0 1 1 1 1 1
Vie 1 0 1 1 1 1 1 1
1 1 1 0 1 1 1 1
1 1 1 1 1 0 1 1
1 1 1 1 1 1 1 0
Ve 0 1 1 1 1 1 1 1
1 1 0 1 1 1 1 1
1 1 1 1 0 1 1 1
1 1 1 1 1 1 0 1
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2. Proposed Switching Methods for Multilevel Inverters

To generate a pulse for switch, two types of multiple carrier PWM techniques which
have multiple carriers are compared with the reference signal.’

2.1. PSPWM technique

Total number of carrier signals needed for m-level CHB inverter with PSPWM is
given by (m — 1). These signals are all equal in magnitude and having the same
frequency; the signals are in a phase shift of ¢ which is given as

© =360°(m —1). (1)

Pulse is generated for S11 during V,; > V,,; (by comparing the reference signal V.
with V1), similarly pulses are generated for S12, S31 and S41 by using V., V3 and
V.4 respectively.

Likewise, pulses are generated for S31, S32, S33 and S34 by using V/{,V/a, Vi3
and V., which are in 180° phase shift with V,,;, V9, Vis and V., respectively when
Vet < V.. Amplitude modulation index and frequency modulation index are given
by my = fret/for and m, = v} vy, respectively.

Device switching frequency is given by

Jswdey =My X for. (2)
Inverter switching frequency is given by
fowiny = (m —1) X fow dev- (3)
Total DC voltage is given by
E = ((m—1)/2)Vi. (4)

Utilization of maximum DC voltage is given by
VaBLmax = V3 % (Vi /V2) x E = 0.612(m — 1)Vy, for m, = 1. (5)
For nine-level inverter, carrier signals are in phase shift of 45° and the number of
carriers signals are eight. Phase voltage (Vy) of the inverter is given by
Van = Vi1 + Ve + Vs + Vi (6)

Voltages across H-bridges 1, 2, 3 and 4 are Vi1, Vige, Vs and Vyy, respectively.
Phase voltage of the inverter is obtained by nine steps namely 0, Vj., 2Vy., 3Vy., 4Vye,
—Vie, =2V, —3Vy. and —4Vj.. Figure 2 shows the comparision of carriers and
references for PSPWM technique.

2.2. LSPWM technique

Total number of carrier signals needed for m-level CHB inverter with LSPWM is
given by (m — 1). These signals are all equal in magnitude and having the same
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frequency, and the signals are vertically disposed.'’ Pulse is generated for S11 during
Viet > Vi (by comparing the reference signal V¢ with V), similarly pulses are
generated for S12, S31 and S41 by using V.o, Vi3 and V,,, respectively.

Likewise, pulses are generated for S31, S32, S33 and S34 by using V/,;,Vla, Viis
and V4 which are in 180° phase shift with V,,1, V.0, Viu3 and V4, respectively, when

V;ef < Vc,r
Frequency modulation index is given by

My = Viet/Vie(m — 1) for 0<m, <1. (7)

Amplitude modulation index is given by

my = frcf/fcr‘ (8)
Device switching frequency is given by
fsw. dev = fr/lm = 1). (9)
Inverter switching frequency is given by
fow. v = for- (10)
Total DC voltage is given by
E=((m—-1)/2)Vg. (11)

Utilization of maximum DC voltage is given by
VaBimas = V3 X (Vi /V2) x E=0.612(m — 1)V, for m,=1.  (12)
The types of LSPWM are as follows:

(a) In-phase disposition (IPD) PWM: All the carriers are in-phase with each
other.

(b) Phase opposite disposition (POD) PWM: All the alternative carriers are
oppositely disposed.

(c) Adjacent phase opposite disposition (APOD) PWM.

All the carriers below zero reference line are opposite to carriers above the zero
reference line; and the carriers above zero reference line are in-phase with each other.
By comparing the carriers and references, IPDPWM, PODPWM and APODPWM

techniques are simulated.

2.3. SVPWM technique

In LSPWM and PSPWM techniques, all the references signals are compared with
carriers individually. But in SVPWM technique, all the reference signals are
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combined into a single vector. The vector is used to calculate ON time of each switch.
If there is any change in the reference signal, it affects the ON times of all the switches
which are used to maintain generated output voltage of inverter.'!

To generate the SVPWM signal the following steps need to be carried out:

From abc to a—0 transformation (3¢—2¢ transformation).

o Reference signal magnitude and angle calculation.

o Identification of sector.

e The dwell times T}, 77 and 75 calculation.

e T,, T}, and T, calculation.

e To generate pulse for switches needed to compare T}, T, and T, with V..

DC utilization is higher than SPWM, which is an important advantage of SVPWM.
Due to this same rating of load, it requires smaller voltage than SPWM. Utilization
of maximum DC voltage is given by

VaBLmax = (V3/V?2) x (2/3)Vge cos30°(m — 1) = 0.707(m — 1)V, for m, = 1.
(13)

Amplitude modulation index is given by
My, = V3% (Swet/Vae) for 0 <m, <1. (14)

Comparison of carrier signal and reference SVPWM pulse is then generated.

3. Analysis of Harmonics for CHB Inverter and DCI using
Various PWM Techniques

Nine-level multilevel DCI and CHB inverter are simulated by using different PWM
switching techniques. Harmonic content of line voltage is captured for both the
inverters. Based on the value of harmonics for different pulses, graphs are obtained.

The line voltage THD variations of CHB inverter using different modulation
techniques for modulation indices (m,) 1, 0.8 and 0.6 are represented as 1, 2 and 3,
respectively, with f, = 10,050 Hz, as shown in Fig. 2. Harmonic content increases in
the output parameters when m, decreases. In Fig. 2, harmonic content of the inverter
is low when SVPWM technique is used. The harmonic frequency of order pm + qf,
with p and ¢ as even(odd) and odd(even) integers in SVPWM technique.

Figure 3 shows the harmonic spectrum of CHB inverter line voltage using
SVPWM technique. Due to the movement of harmonic contents into high frequency,
filter requirement, size and losses are reduced. Harmonic content is very low and
maximum cut-off frequency of output filter of inverter is increased as 7,500 Hz up to
150th order. The 74V DC bus for each H-bridge and 586.8 V (415 V rms) peak line
voltage of inverter are supplied by PV array.
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Fig. 2. Comparison of line voltage THD variations for CHB inverter with f, = 10,050Hz for
m, =1, 0.8 and 0.6.

Selected signal: 7.406 cycles. FFT window (in red): 5 cycles
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Fig. 3. Harmonic spectrum of CHB line voltage using SVPWM technique.
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The line voltage THD variations of DCI using different modulation techniques for
modulation indices (m,) 1, 0.8 and 0.6 are represented as 1, 2 and 3, respectively,
with f, =10,050 Hz, as shown in Fig. 4. The harmonic spectrum of DCI using
SVPWM is shown in Fig. 5. The harmonic specturm of line voltage in CHB inverter

LINE VOLTAGE THD(DCI)
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Fig. 4. Comparison of line voltage THD variations for DCI inverter with f,. = 10,050 Hz for m, = 1, 0.8
and 0.6.

Selected signal; 6.019 cycles. FFT window (in red): & cycles
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Fig. 5. Harmonic spectrum of CHB line voltage using SVPWM technique.
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using SVPWM is 6.88% and the harmonic specturm of line voltage in DCI using
SVPWM is 6.91%.

4. Comparison of CHB Inverter with DCI

CHB inverter and nine-level multilevel DCI line voltages are simulated using dif-
ferent types of PWM techniques. MATLAB simulation diagram of nine-level CHB
inverter using SVPWM technique is shown in Fig. 6.

CHB inverter and DCI are compared based on line voltage harmonic contents for
different PWM techniques. Figure 7 shows the comparison of the harmonic values of
both inverters using POD switching technique. The harmonic spectrum of line

b= 5e-07
powergui
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Fig. 6. Simulation diagram of nine-level CHB inverter.
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Fig. 7. Comparison of line voltage harmonic contents using POD switching technique with
f.p = 10,050 Hz for m, = 1, 0.8 and 0.6.
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Fig. 8. Comparison of line voltage harmonic contents using APOD switching technique with
fir = 10,050 Hz for m, =1, 0.8 and 0.6.
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Fig. 9. Comparison of line voltage harmonic contents using IPD switching technique with
fr = 10,050 Hz for m, = 1, 0.8 and 0.6.
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Fig. 10. Comparison of line voltage harmonic contents using SVPWM switching technique with
fir = 10,050 Hz for m, =1, 0.8 and 0.6.
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Fig. 11. Hardware implementation of CHB multilevel inverter.
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Fig. 12. Experimental result of five-level CHB multilevel inverter.
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Fig. 13. Harmonic spectrum of CHB multilevel inverter line voltage.

voltage in CHB inverter using PODPWM is 11.71% and the harmonic spectrum of
line voltage in DCI using PODPWM is 11.82%.

Figure 8 shows the comparison of the harmonic values of both inverters using
APOD switching technique. The harmonic spectrum of line voltage in CHB inverter
using APODPWM is 12.28% and the harmonic spectrum of line voltage in DCI using
APODPWM is 12.43%.

Figure 9 shows the comparison of the harmonic values of both inverters using IPD
switching technique. The harmonic spectrum of line voltage in CHB inverter using
IPDPWM is 8.27% and the harmonic spectrum of line voltage in DCI using
IPDPWM is 8.38%.

Figure 10 shows the comparison of the harmonic values of both inverters using
SVPWM switching technique. The harmonic spectrum of line voltage in CHB in-
verter using SVPWM technique is 6.88% and the harmonic spectrum of line voltage
in DCI using SVPWM technique is 6.91%.

Hardware implementation of five-level CHB inverter is shown in Fig. 11. Line
voltage and line current of CHB inverter is shown Fig. 12. Harmonic spectrum of
five-level CHB inverter is shown in Fig. 13. The line voltage THD of the five-level
CHB inverter is 7.2%.
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5. Conclusion

Nine-level CHB inverter and DCI are simulated using different PWM techniques
such as PSPWM, LSPWM, IPDPWM, PODPWM, APODPWM and SVPWM at
different modulation indices (m, = 1, 0.8 and 0.6) with f,, as 10,050 Hz and with a
power rating of 5 kVA. Line voltage THD of CHB inverter is 6.88% and line voltage
THD of DCT is 6.91%. Based on the results of this paper, among different modulation
techniques, the CHB inverter topology works better to reduce the THD, compared to
multilevel DCI.! SVPWM technique is having a lower harmonic content compared to
all other PWM techniques.
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