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Abstract. Multilevel inverter has appeared as one of the important topologies in the area of high power and
medium voltage because it can efficiently realize lower harmonics with reduced switching frequency. These
Multilevel inverters (MLI) improve the energy quality shaped by producing many voltage levels. However,
improving the quality of the output voltage of a multilevel inverter requires many switches, which tend to
weigh down the structure and make it complex to control. This work deals with a comparison in terms of
the spectral content of two configurations of thirty-one-level inverters for injection into the electrical grid.
The first configuration is a classical cascaded H-bridge and the second one is a reconfigured Packed U-Cell
(PUC) multilevel inverter. The classical configuration requires sixteen switches while the second uses only
ten ones. The control technique based on the half-height modulation was performed and the Total Harmonic
Distortion (THD) is calculated for each topology. For the PUC, we got a THD equal to 2.61% while we got
2.72% for the cascaded H-bridge. These results obtained in the MATLAB/Simulink environment, show that
the reconfigured structure of the PUC inverter is a good candidate for injection into the electrical network.
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symmetric and asymmetric structures determined by the
amplitude of the DC wvoltages. For a symmetric
architecture, the amplitude of the continuous sources is
identical. For an asymmetric architecture, the DC
sources have different values [6], [7] to reach the
maximum voltage. Moreover, producing a multilevel
voltage with less THD requires several DC sources and
several switches, which increases the complexity of the
structure and the control. To resolve this problem,
asymmetric inverters are used to reduce the number of
components, power losses and increase efficiency in the
case of the grid-connected photovoltaic (PV) systems.
Despite the advantages mentioned above, the control of
multilevel structures with reduced switches remains
quite more complex than symmetric structures. The
present work, deals with the control method of a

1 Introduction

The most important element of a photovoltaic solar
system remains the inverter. Two configurations of such
a system exist: the off-grid PV systems and grid-
connected PV systems [1], [2]. The two-level inverter
and conventional inverters are used in each of these
configurations. However, the two-level inverter has
several limitations such as the inability to withstand high
dv/dt voltage stresses and the inability to produce
voltages less polluted by harmonics. To improve the
performance of this type of converter the power
electronics thanks to its evolution proposes a new
structure: the multilevel inverter. The first multilevel
inverter was the multicell inverter that appears in 1975 . .
[3] which later became the Cascaded H-bridge (CHB) classical asymmetric structure on the one hand and on
: . . the other of an asymmetric structure with reduced
inverter. Other topologies namely the neutral point . . )

clamped (NPC) [4] and Flying Capacitors (FC) inverters switches. In.addltlon, a comparlson.based on the spectral
[5] were designed respectively in 1980 and 1992. The content pmpt O,f view is carried out under the
control of these converters is generally done by Pulse MATLAB/Simulink platform.

Width Modulation (PWM) which thus causes enormous

losses because the power switches operate at a very high 2 Methodology

frequency. Among these classical multilevel inverters,

the cascaded H-bridge inverter has a particular ) )

advantage that of using several continuous power 2.1 Cascaded H-bridge thirty-one-levels
sources while the others use only one. It is therefore
necessary to multiply the number of diodes and
capacitors in both of the topologies to be able to produce
as many voltage levels as the cascade H-bridge inverter.
The latter is therefore more recommended for
photovoltaic  systems. In the literature, two
configurations of cascaded inverters are distinguished:

The cascaded H-bridge was the first multilevel structure
proposed by Baker and Bannister in [3]. This multilevel
inverter is illustrated in Fig. 1. This basic structure
consists of a DC power source and four switches. To
produce thirty-one-levels, we put in series four H-
bridges and we use an arrangement based on a geometric
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progression of 2* (k=0,1, 2..., n) with the following ratio
1:2:4:8. The different values of DC sources of the thirty-
one-levels cascaded H-bridge are Vdc, 2Vdc, 4Vdc and
8Vdc. The different possible output voltage levels are
represented in Fig. 2. For producing all the voltage
levels, the switching states of the upper switches are
depicted in the Table 1.
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Fig. 1. H-bridge three levels.

Table 1. Output voltage levels and switching states for
cascaded H-bridge inverter

VLoad | S1 | S3 | S5 | S7 | S9 | S11 | S13 | S15
0 1 1 1 |1 1 1 1 1
Vdc 1 1 1 |1 1 1 1 0
2Vdce 1 1 1 0 1 0 1 1
3Vde 1 1 1 1 1 0 1 1
4Vdc 1 1 1 0 1 1 1 1
5Vdce 1 1 1 0 1 1 1 0
6Vdc 1 1 1 0 1 0 1 1
7Vdc 1 1 1 0 1 0 1 0
8Vdc 1 0 1 1 1 1 1 1
9Vde 1 0 1 1 0 1 1 0
10Vdc 1 0 1 1 1 0 1 1
11Vdce 1 0 1 1 1 0 1 0
12Vdce 1 0 1 0 1 1 1 1
13Vdc 1 0 1 0 1 1 1 1
14Vdc 1 0 1 0 1 0 1 1
15Vdce 1 0 1 0 1 0 1 0

2.2 Packed U-cell Thirty-one-levels

The Packed U-Cell multilevel inverter was proposed the
first time by Ounejjar in [8]. This special multilevel
inverter is made of one main DC source voltage for one
cell and capacitors for the other cells. The configuration

proposed by [8] needs to control the charging and
discharging of the capacitors that makes the control very
difficult. To overcome this problem and produce more
voltage levels, the Packed U cell can be reconfigured
like in Fig. 4. This reconfiguration consists to replace
the capacitors by the DC sources and use an arrangement
that follows 1:3:7:15 ratio. The DC sources are Vdc,
3Vdc, 7Vdc and 15Vdc respectively.
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Fig. 4. Packed U-Cell seven-levels (a)[8] and reconfigured
thirty-one-levels structure (b).

The switching states of the packed u-cell in thirty-one-
levels configuration are depicted in the Table 2. The
switches of the same cell operate in a complementary
mode by adding an offset of half period. So, if we get
the switching states for the positive levels, we use
complementary mode by adding an offset T/2 to obtain
the switching states for the negative levels. All possible
voltage levels are illustrated in Fig. 3.

2.3 Modulation technique

Modulation’s techniques are the crucial part for the
inverter because it is directly related to the overall
efficiency of the entire system [9]. In this part, the
modulation technique that applied to control of 31-
levels inverter is explained. Generally, there are four
modulation strategies control of the multilevel inverters
such as PWM, Space Vector Modulation (SVM), Duty
Cycle Modulation (DCM) [10] and staircase modulation
technique [11-17]. The PWM, SVM and DCM
techniques are used for the high switching frequency
applications that make high power losses. The staircase
modulation works on fundamental frequency so all the
switches only one time are turned-on and turned off in
each cycle. Moreover, if the switching frequency of
devices is equal with grid frequency, the power losses
are lower than other techniques. In this paper, the
staircase modulation called half-height method used and
its principle is illustrated in Fig. 5. According to the sine
wave, the switching angle is generated when the
function value increases to the half height level. The
formula for generating the switching angle based on this
method is given below.

a; = sin~! (%), where i = 1,2,..., (mT_l) )
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Table 2. Output voltage levels and switching states for Output Voltage (V)

packed u-cell inverter (Upper sub-level = Lower sub-level)
VLoad S1 S3 S5 S7 S9 ]
Upper sub-level {.
0 1 1 1 1 1 V. | | e :
Vde 1 1 1 I 1 ] JLover i“.":'f‘;"l{ o I 05V
)
2Vde 1 1 1 0 1 vV / '
dc / I 0.5V, !
3vde 1 1 1 1 1 - '
]
avde | 1 ] ] 0 ] 4 / ; E
°J I 0.5V, ! i
5Vde 1 1 1 0 1 H !
' ] ' Time (s)
6Vdc 1 1 1 0 1
o, 0, o,
7Vde 1 1 1 0 1 Fig. 5. Staircase modulation technique [18]
8Vdc 1 0 1 1 1 4
ovde | 1 0 1 I 0 . | | |
10Vdc 1 0 1 1 1 1 —|
w
11Vdc 1 0 1 1 1 0 : :
el L0 e 11 |
wn
13Vdc 1 0 1 0 1 o
14Vdc 1 0 1 0 1
15Vdce 1 0 1 0 1

3 Simulations results and comparative
analysis

The PUC multilevel inverter is compared with classical
multilevel inverters such as: NPC, FC and cascaded H-
bridge inverters based on the asymmetric mode and
generation the same voltage levels. The comparison
results are presented in Table 3. For the classical
inverters and the PUC studied, we considered a single-
phase configuration for the comparison. As can see in
Table 3, the reconfigured topology in order to generate
thirty-one voltage levels at the output requires ten power
switches, ten driver circuits and ten Insulated Gate
Bipolar Transistors (IGBTs) compared to three other
multilevel inverters that require sixteen power switches,
sixteen drivers and sixteen IGBTs. The number of DC
links of the PUC topology is four that is the same with
CHB-MLI and FC-MLI requires six DC links while
NPC-MLI requires nine. Spectrum of harmonic of
classical CHB and PUC inverters is shown in Fig. 7.
Despite we obtain a good spectral content for both the
multilevel inverters, percentage of THD of the PUC
inverter is given as 2.61 %, which is lower than the
classical CHB inverter whose THD value is given as
2.72 %. The obtain THD value contribute to improve
the quality of energy which is the main issue in all

Veltage [V]

electrical supply due to various power quality problems. 200 . | ‘ . |

The staircase modulation technique used synthesizing 0 001 002 Ti:’ZL] 0.04 0.05 006
wave forms with better harmonic spectrum and with less Fig. 6. Switching patterns and thirty-one output voltage
THD. This result is confirmed in Fig. 6. in which one levels.

can see switching patterns and thirty-one output voltage
levels waveform which is similar characteristics with
sinusoidal waveform.
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Fig. 7. (a) Spectral content of CHB, (b) spectral content of
PUC.

Table 3. Parameters comparison between PUC and classical

inverters
Parameters No. NPC FC CHB | PUC
Levels
No. 31 16 16 16 10
Switches
No. IGBTs 31 16 16 16 10
No. Drivers 31 16 16 16 10
No. Diodes 31 26 16 16 10
No. DC 31 9 6 4 4
links

4 Conclusion

In this paper, a topology of packed u-cell was presented
based on reduced switches for grid connected
photovoltaic system. The reconfigured structure
generated thirty-one levels with a group of four DC
sources. In order to reduce the power losses, the
proposed modulation technique was half-height
staircase modulation, which work in fundamental
frequency. For producing all the needed voltage levels,
the switching states of IGBTs are determined and
depicted in this work. Based on comparison with the
classical cascaded H-bridge, the packed u-cell
multilevel inverter requires a smaller number of
components like switches, drivers, diodes and DC links.
For the same voltage levels, PUC has a good value of
fundamental and the smallest value of total harmonic
distortion which complies with the IEEE 512-2014
standard. For the next future work, the packed u-cell will

be implemented with staircase modulation technique in
order to show the performance of the reconfigured PUC
proposed in the grid connected PV systems environment
and improved it with the famous DCM for the high
voltage applications.
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Fig. 2 All possible output voltage levels for the cascaded H-bridge inverter.
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Fig. 3 All possible output voltage levels for the packed u-cell inverter.





