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A new multilevel inverter topology, controlled by the pulse width
and height modulation (PWHM) technique, with a reduced
number of switches

Abstract. Energy harvesting from renewable energy sources is trending in the world due to inventions in modern technology. The electricity
generation through a grid-connected PV (photovoltaic) system is of great interest to developing countries. PV systems generate electricity in the form
of direct current, while most loads use alternating voltage. Therefore, DC-AC (direct current- alternative current) converters are necessary to supply
loads with alternating current and to be able to feed the produced energy into the electrical grid. Indeed, the presence of current or voltage
harmonics leads to disturbances in electrical networks. The most well-known adverse effects of harmonic pollution include malfunctions in certain
electrical equipment, conductor heating, interference with telecommunication networks, and resonance phenomena with elements composing the
network. Improving the performance of a photovoltaic system relies on choosing appropriate control strategies and inverter topologies. Purpose. The
objective of this article is to study and implement a static converter (DC-AC) for photovoltaic systems, ensuring efficient adaptation between the
energy source and consumers. Novelty. A new multilevel inverter topology with a reduced number of switches is proposed in this article. Method.
The inverter is controlled by pulse width and height modulation technique to enhance the quality of the extracted energy and optimize total harmonic
distortion (THD) by eliminating low-order harmonics close to the fundamental frequency, while reducing switching losses. Practical value. A detailed
study of the proposed new topology (Figure 1), as well as a Fourier series decomposition of the output waveform obtained from the multilevel
inverter (Equations 1-28), has been presented to improve the quality of the energy injected into the grid. Simulation results have demonstrated the
effectiveness of the employed method (Figures 4-7). A comparison of the proposed topology is made with other conventional inverter topologies in
terms of component requirements (Table 1). This comparison highlights the advantage of the proposed topology in terms of component count,
particularly for a higher number of voltage levels.

Streszczenie. Pozyskiwanie energii ze zrédet odnawialnych jest trendem na $wiecie ze wzgledu na wynalazki w nowoczesnej technologii.
Generowanie energii elektrycznej za posrednictwem podigczonego do sieci systemu PV (fotowoltaicznego) jest bardzo interesujgce dla krajow
rozwijajgcych sie. Systemy PV wytwarzajg energie elektryczng w postaci pradu statego, podczas gdy wiekszo$¢ obcigzen wykorzystuje napiecie
przemienne. Dlatego konwertery DC-AC (prad staty-prad alternatywny) sa niezbedne do zasilania obcigzerr prgdem przemiennym i do
przekazywania wytworzonej energii do sieci elektrycznej. Rzeczywiscie, obecno$¢ harmonicznych pradu lub napiecia prowadzi do zaktécen w
sieciach elektrycznych. Najbardziej znane negatywne skutki zanieczyszczenia harmonicznymi obejmujg awarie niektérych urzadzen elektrycznych,
nagrzewanie sie przewoddéw, zaktécenia w sieciach telekomunikacyjnych i zjawiska rezonansu z elementami tworzgcymi siec. Poprawa wydajnosci
systemu fotowoltaicznego polega na wyborze odpowiednich strategii sterowania i topologii falownikéw. Cel. Celem tego artykutu jest zbadanie i
wdrozenie konwertera statycznego (DC-AC) dla systeméw fotowoltaicznych, zapewniajgcego skuteczng adaptacje miedzy zrédtem energii a
odbiorcami. Nowos$¢. W tym artykule zaproponowano nowg topologie falownika wielopoziomowego ze zmnigejszong liczbg przetgcznikéw. Metoda.
Falownik jest sterowany technikg modulacji szerokosci i wysoko$ci impulsu w celu zwigkszenia jakoSci wyodrebnionej energii i zoptymalizowania
catkowitych znieksztatcert harmonicznych (THD) poprzez wyeliminowanie harmonicznych niskiego rzedu zblizonych do czestotliwo$ci podstawowey,
przy jednoczesnym zmniejszeniu strat przetgczania. Warto$c¢ praktyczna. Przedstawiono szczegbfowe badanie proponowanej nowej topologii
(rysunek 1), a takze rozktad szeregu Fouriera przebiegu wyj$ciowego uzyskanego z falownika wielopoziomowego (réwnania 1-28), aby poprawi¢
Jjako$¢ energii wstrzykiwanej do sieci. Wyniki symulacji wykazaty skuteczno$¢ zastosowanej metody (rysunki 4-7). Dokonano poréwnania
proponowanej topologii z innymi konwencjonalnymi topologiami falownikéw pod wzgledem wymagan dotyczacych komponentéw (tabela 1).
Porbéwnanie to podkresla zalete proponowanej topologii pod wzgledem liczby komponentéw, szczegdlnie w przypadku wigkszej liczby pozioméw
napiecia. (Nowa topologia inwertera wielopoziomowego, sterowana technika modulacji szerokosci i wysokosci impulsu (PWHM) ze
zmniejszong liczbg przefgcznikéw)
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Stowa kluczowe: Topologia; Falowniki wielopoziomowe; Modulacja szerokosci i wysokosci impulsu PWHM; Odnawialne zrédia energii.

Introduction. However, all these studies require high switching

Renewable energy sources have a decisive role in the
future, as they form the foundation of future electricity
production. Generating electricity through a grid-connected
PV system holds great significance for developing
countries. However, connecting PV systems to the
distribution grid can have some impacts on the electrical
networks. PV systems generate electricity in the form of
direct current (DC), while most loads require alternating
current (AC) voltage. Therefore, DC-AC converters are
necessary to supply AC power to loads and enable the
injection of generated energy into the electrical grid. [1-3]

The major challenges of DC-AC power converters today
focus on increasing efficiency [4-6], improving power
quality, and enhancing inverter efficiency by reducing total
harmonic distortion (THD) as well as minimizing conduction
and switching losses [7]. However, switching losses are
higher than conduction losses and are proportional to the
number of switching states. Several studies have been
conducted to address and mitigate these issues [5-8].

frequencies, which result in increased switching losses.
Thus, for practical implementation, reducing the switching
frequency is also essential.

Control techniques that rely on predefined switching
angles by decomposing a PWM (pulse wight modulation)
signal into a Fourier series exhibit better performance in
terms of THD, elimination of low-order harmonics, reduction
of switching losses, and control of the peak value of the
fundamental component of the output voltage.

For the integration of PV systems into the grid, the use
of a conventional two-level inverter produces a square wave
that is not suitable for most complex applications. In such
cases, a pure sine wave is desired. Furthermore, the rated
power of traditional converters is limited by the rated power
of the semiconductor devices used and the allowed
switching frequencies.

Conventional inverters based on frequency transformers
operating at 50 Hz and AC filters are commonly used in
renewable energy systems to increase the voltage to grid
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voltage levels of 6 to 36 kV and to reduce voltage THD,
respectively. The investment and installation costs are high
due to their weight and size [8-11].

With the emergence of new high-power semiconductor
devices, new power conversion structures are being
designed to meet the needs of future medium or high-
voltage systems. In this highly active field, the topologies
and circuits of cascaded modular multilevel converters
(MMC) have attracted significant attention for their
application in medium and high-voltage systems [12-15].
The number of components in MMC converters increases
linearly with the number of levels. However, the MMC
converter requires multiple isolated and balanced DC
current sources [16-20].

A new topology of a three-phase multilevel inverter
controlled by pulse width and height modulation technique
is presented to improve the quality of the energy produced
and injected into the grid, optimizing THD by eliminating
low-order harmonics close to the fundamental frequency,
while reducing switching losses.

The proposed new topology of a three-phase inverter
consists of N levels in the output voltage waveform line-to-
neutral and can be used to supply a microgrid with ns
renewable energy sources (such as photovoltaic, wind, etc.)
with optimized THD. It involves a series connection of N
conventional two-level inverters (tE, 0) per phase. Each
stage of the conventional inverter is powered by a
renewable energy source, with a total number of DC
sources being ns =N+4. In this paper, a six-level inverter
application has been constructed, and the topology is
controlled by a pulse width and height modulation
technique.

Topology and operating principle of multilevel inverters

Figure 1 shows the topology of a six-level three-phase
inverter. It consists of 10 sources of DC voltage, supplying a
balanced three-phase load. In general, the DC voltage
sources can have different values. However, in order to
optimize the total harmonic order of the multi-level output
waveform, they are considered to be optimized and
controlled.

Operating principle

The required six-phase-neutral output voltage levels (+E3;
+(E' = E2 + E3); +EE = El + E2 + E3)) are generated as
follows:

1) When switches S1.1, S5.1, and S9.1 are activated during
the first cycle /0, a1], the resulting single-phase voltage will
be VI =FEl + E2 + E3.

2) When switches S1.7, S6.1, and S9.1 are activated during
the second cycle [al; a2], the resulting single-phase voltage
will be V1 = E2 + E3.

3) When switches S2.7, 6.1, and S§9.1 are activated during
the third cycle [a2; @3], the resulting single-phase voltage
will be V1 = E3.

4) When switches S3.1, S7.1, and S10.1 are activated during
the fourth cycle [a3; a4], the resulting single-phase voltage
will be V1 = -E3.

5) When switches S4.1, S7.1, and S10.1 are activated during
the fifth cycle [a4,; a3], the resulting single-phase voltage
will be V1 = -(E2 + E3).

6) When switches S1.1, S6.1, and S9.1 are activated during
the sixth cycle /a5, a6/, the resulting single-phase voltage
will be V1 = -(E1 + E2 + E3).

Pulse Width and Height Modulation (PWHM) technique

A multilevel converter can produce a symmetric
staircase waveform with respect to one-quarter of the
period, synthesized by multiple DC voltage sources.

In general, the most significant low-frequency harmonics
are chosen to be eliminated by properly selecting the
switching angles, and high-frequency harmonic components
can be easily filtered out using additional filtering circuits.

To optimize the THD of the proposed inverter's phase-
neutral output voltage waveform, the Pulse Width and
Height Modulation (PWHM) technique is employed. The
heights (amplitudes E1, E2, E3) and widths (angles a/, a2) of
the output waveform are calculated to cancel out the
maximum number of harmonics and optimize the THD.
[21,22]

Figure 2 shows the staircase-like output voltage signal of
the six-level inverter.

The duration of each step depends on its conduction angle
al, a2, ..., which is determined based on the eliminated
harmonic component.

The method for calculating the unknown angles utilizes the
interval [0, n/3] for a three-phase approach.

1) s B sed 11553\
ISGIK_ ISGT I |

J_ Sl.lk Sl.k Slﬁk

E:2" t %
T Sz.ll S22 S2.3
jﬂ_ So.1

I J

Es Y Se2\ 893\
L 5 {Load |
Es - S10.1 Sm.z\ S0 \ =
:L Ss.k Ss.k Ss.ak
-Ez2* lt zk—
-[ S4.1 S42 S4.3
| I |
JJ_S'LIK :I_Su :I_Smk
_El-[ Ss.lt Er—[ Ss.ztEfl- Ss.sr
| I |
Fig.1. Proposed six-level voltage inverter topology.
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Fig. 2. Phase-neutral output voltage waveform of the six-level
inverter.

Decomposition of a signal into a Fourier series

Any periodic signal, including the output voltage of the
multilevel inverter using the fundamental switching
frequency, can be expressed using the Fourier series
decomposition:
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M v(t)=a,+ i[an cos(nat)+b, sin(neor )|

n=1

Oua,, a, et b, are the Fourier coefficients.

1 T
a, = F‘(.;u(t)da)t
) 175
a, = 7£u(t)cos (na)t)da)t
1 T
b, = F.Eu(t)cos (nwt)d wt

Where T is the fundamental period of u(7).

To simplify the Fourier series, various symmetries will be
considered: odd sinusoidal symmetry, half-wave symmetry,
and odd quarter-wave symmetry.

The values of al, a2, and EI, E2, E3 can be chosen to
eliminate low-frequency harmonics or to achieve minimum
total harmonic distortion (THD).

In a three-phase approach, there are several properties that
can reduce the time interval required to find a solution for
the set of equations below. Thus, instead of searching in
the interval (0, z/2), it will be (0, 7/3).

The calculation steps are presented as follows.

We list the properties and characteristics of the ideal
voltage waveform of the three balanced voltages [23-25]:

1. Property (1): is an even function with respect to zero.

Foreach, < |9 2|, v,(-2)=v,(@)

L 2]
2. Property (2): Va is an odd function with respect to z/2.

0,Z
L 2]
3. Property (3): Vb is symmetric to Va with respect to z/3.

r r
Foreachy e ,va(5+0{)=—va(?—a)

For each _O 1_,1) = (E_a
a € 53 b(3 ) a(3 )

4. Property (4)? Ve is_a reversed and shifted signal of Va.

Foreachy ¢ | 0, 7

L 3]
5. Property (5): Va, Vb and Ve are balanced three-phase
voltages.

Foreacha € [0.27], v, () + v, (a) +v,(a) =0

The above properties of the ideal voltage waveform of the
three balanced voltages are attributed to the output voltage
waveform of the inverter, focusing on the range (0, z/3). The
Fourier coefficients of the phase-neutral output voltage,
given by (3), are also used because it is well known that
every periodic function can be composed of a set of
sinusoidal functions [22]:

, vc(%+a) =—v.(a)

a, = L Iva(a)cos(na)da
”—/z

@) 7
b, = L Jva(a)sin(na)da
4 -

Applying property (1) to the Fourier coefficients, we obtain:

2 a
@ = ;!va(a)cos(na)da

b,=0

n

(5) a, =0 Forevenn,

180

/2

©) a, = jva(a)cos(na)da For odd n,
0

Applying property (5) to the Fourier coefficients, we obtain:
@)

4 7/3 /2
a, = l: J v, (@) cos(na)da — I(vh(a) +vc(a))cos(na)da}

T 0 z/3
(8)

/3 T
a, _4 J.va (@) cos(na)da — [ vh(z—ﬂfa +v, a—z—” cos(na)da
LA B 3 3

Due to the properties of the mentioned three-phase output
voltage, we have [22]:

8 Ay r
©) a, —;cos(ng)‘(‘; v(a)cos( (gntaDda

b,=0
Where n is an odd and non-triple harmonic, and v is the
line-to-neutral voltage.
The three phase voltages (Va, Vb, Vc) are assumed to have
the same symmetric properties as an ideal three-phase
voltage system. The asymmetric properties with respect to

to Zva(£+ a)= —va(£+ a), allow for the
2 2 2

cancellation of all even-order harmonics. The Fourier

coefficients of the phase voltage in the interval /0, z/3] can

be expressed as follows:

/3
(10a,,,, = %cos(n %) I v, (o) cos( (% + a]]da
0

Using n= 3(2p + 1) We

obtain ¢og (”%) = cos {(zp + 1)(%)} =0. This

means that all even harmonics and multiples of three are
canceled out.

By utilizing various symmetrical properties, we obtain

a2= /3. "The remaining non-cancelled harmonics are of
the order 6g+1."

E=E1+E24E3

E'=Ez+E3[- - —

0 a

ar a=m/3
Fig. 3. Waveform of the single-phase voltage Va within [0, 11/3].

Equation (10) shows that adjusting the value of Va is
only possible within the interval /0, =/3]. The symmetry
property of an ideal three-phase voltage system allows
determining the value of Va over the interval /0, 2x];
Therefore, the following analysis will be limited to the
interval [0, 7/3].

The single-phase voltage Va is assumed to have two DC
levels (E; E') within the interval [0, n/3] as illustrated in
Figure 3. Va is assumed to have two pulses. The first pulse
has a height (amplitude) of E and a width (angle) of al. The
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second pulse has a height of E'and a (z/3 - al). The heights
and widths are defined to cancel out the maximum number
of successive harmonics.

By substituting the value of the voltage Va as shown in
Figure 3 into Eqg. 10, the Fourier coefficients in this case can
be written as follows:

/3
(1) a, =§cos(n£j.[ v, (a)cos n(£+ajd0{
T 6% 6

(12) .
J-:I v, (a)cos[ (%+ a]da}

relr%)
a, =—cos ng o
T +Iva(a)cos(n(%+ajdaJ

a

(13)

o =Eeofn7) E[“[(Z“B“(ZD
L) o)

T
With: &, =—
3
si n(ﬁ-kaj —sir(nz]
(14) a, 8 { 71'] 6 6
L =—uco4 n—
E nrx 6 E'( . T
+—| sin| n| —+—
FELE

Let us define :

(15) - £
E
o] s
sin| n| = +a, | |—sin n=
(16) a, 8 {ﬂj ( 6 6
= _co§ n—
E nrx 6

. T T (7
+r.sinf nf —+— | |-r.sin n—+¢,
{(6 3D [ 6 )

(l—r)sin(n(z+aljj
o 55}

r is the ratio of the two DC voltage levels, and al is the
switching angle from E to £’ al/ and r represent the two
adjustable variables available.

(17) an:6qil 8 T
=—CO0s| n—
E nw 6

Harmonic Elimination Technique

The selected harmonics can be eliminated through an
appropriate selection of the adjustable variables «/ and r.
The system of nonlinear equations (see Eq. 17) can only be
mathematically solved if the number of equations matches
the number of unknown variables. Since only two adjustable
variables are available, only two harmonics from Eq. 4 can
be obtained. It is well-known that low-order harmonics are
more harmful than higher-order harmonics. Spectral
analysis reveals that among the lower-order harmonics
(below 10), only the 5th and 7th order harmonics are not
cancelled out. They can be eliminated only if condition (18)
is satisfied.

as

% _ 9
(18) ) E

a

E

In this case, the first non-zero harmonic is the 11th
harmonic, where n € {1, 11, 13, 17, 19, ... 6g += 1}. By
combining (17) and (18), we obtain a nonlinear system of
two equations with two unknowns (a1, r).

(l—r)sin(SalJrSZ +r.sin| 52 +52 :+l
6 3 6

2
(1 - r)sin(7a1 - %) + r.sin[7 z_ ZJ __ L

3 6 2

By solving (19) using the bisection method within the
interval [0, n/3], the values of al and r are:

(19)

o
(20) 4 =g
r:\B—l
Therefore
4 _12 o 3)=1.005
E T
__ 49
@) J4n=12p-1) = T
a,
=12 p+1) = 7
a,=0if > n=l12p=tl

Using the symmetry properties of an ideal three-
phase system, the output voltages are reconstructed within
the interval (z/2, 7/3).

Therefore, a third voltage level E3 appears within the
interval (z/2, 7/3).
With:

(22) E=E +E, +E,
(28) E'=E, +E,

@)=L
E
Let's define:

@5) E =1pu, E'=r.E=({3)

@) E'=r.E=(3-1)1pu=0.732pu

@7 E, =E,=E—-E =1pu—0.732pu=0.268pu
(28) E, = E'— E, = 0.732— 0.268 = 0.464 pu

Simulation and Interpretation of Results
To better evaluate the performance of the proposed

topology, two simulation scenarios are considered. The
different parameters are as follows:

E=E+E,+E =100
E'=rE = (\/5—1).100 -3
E=FE, =E—E'=100-732=26.8V

E,=F'—-FE,=732-268=464V

The scenarios involve supplying a resistive, inductive, and
star-connected load.
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1) Scenario 1: Pure resistive load connected in star
configuration (R = 45Q):

In this scenario, the resistive load is connected in a star
configuration. The line current has the same waveform as
the phase-to-neutral voltage due to the resistive nature of
the load, as shown in Figure (4 and 5). The THD (Total
Harmonic Distortion) value of the current/voltage is 15.21%,
and the fundamental amplitude of the voltage is 106.4V,

while the cu_rrent is 2.365A.
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Fig. 5. Waveform of the Output Current and its Harmonic Spectrum

2) Scenario 2: Inductive load connected in star configuration
(R=45Q, L = 245mH):

In this case, we consider an inductive load connected in a
star configuration. The current waveform and its spectrum
show that there are almost no harmonics present (Figure 7).
The THD value in this case is also very low, at 1.32%, and

182

the first non-zero harmonic is the 11th harmonic with an
amplitude of 1.03%. The main reason for the very low THD
value is the inductive load, which behaves like a low-pass
filter.

The waveform of the voltage and its harmonic spectrum
show a THD of 15.11% and a fundamental amplitude of
102.7V. The first non-zero harmonic is the 11th harmonic
with a rate of 8.72%.
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Fig. 6. Waveform of the Output Voltage and its Harmonic Spectrum
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Fig. 7. Waveform of the Output Current and its Harmonic Spectrum

The simulation results demonstrate the effectiveness of
the proposed harmonic elimination technique (i.e., selection
of al and r). Figures 5 and 7 (Fast Fourier Transform “FFT”
analysis) also show the elimination of the first harmonics in
the line currents for both different scenarios. The FFT
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analysis for the voltage shows the elimination of the 5th and
7th harmonics. The first non-zero harmonic is the 11th
order. The FFT analysis also reveals very low THD values
for both the current and voltage, compared to previous
control techniques.

Comparison with Other Topologies

In this section, a comparison of the proposed topology
is made with other conventional inverter topologies in terms
of component requirements.

Table 1. Number of Components and DC Sources for Different
Inverter Topologies

Topology NPC FC CHB Propose
(Neutral ~ (Flying  (Cascaded d
point Capaci H-Bridge) Topolog
clamped) tor) y
Number of (N-1) (N-1) 3(N-1)/2 N+4
DC Sources
Number of 6(N-1) 6(N-1) 6(N-1) 6(N-1)
Power
Transistors
Number of 6(N-1) 6(N-1) 6(N-1) 6(N-1)
Diodes
Number of  3(N -1) 0 0 0
Freewheelin (N -2)
g Diodes
Number of 0 (3/2)(N 0 0
Capacitor -1)
(N-2)

The component requirements of the different topologies
for a three-phase configuration are indicated in Table .1 in
terms of the number of voltage levels (N) in the single-
phase voltage. From this table, we can deduce that the
number of components in the proposed structure is lower
than that of the other topologies, especially for a higher
number of voltage levels.

A comparison is made with the CHB (Cascaded H-Bridge)
topology because, as mentioned earlier, the proposed
topology resembles the CHB in terms of configuration and
functional characteristics. For example, implementing a 35-
level voltage inverter would result in 51 sources for the CHB
topology, but only 39 sources for the proposed topology.
This comparison highlights the advantage of the proposed
topology in terms of component count, particularly for higher
numbers of voltage levels.

Inmterpretation

Achieving low THD and increasing the number of
eliminated lower-order harmonics in conventional two-level
inverters requires a high switching frequency, which results
in significant switching losses.

The proposed topology only uses 12 switching states
per period and enables the elimination of harmonics from
the 2nd to the 10th order without the need for additional
filtering circuits. This approach allows for a substantial
reduction in the switching frequency compared to traditional
topologies.

By reducing the switching frequency, the proposed
topology offers several benefits. First, it reduces the
switching losses, leading to improved efficiency. Second, it
decreases the stress on the power electronic components,
prolonging their lifespan. Third, it simplifies the design and
control of the inverter system.

Overall, the proposed topology provides a more efficient
and reliable solution for harmonic elimination, addressing
the limitations of conventional two-level inverters and
offering advantages in terms of performance and
component count.

Conclusion

The proposed multi-level inverter topology can be a
good solution for powering a microgrid from renewable
energy sources. A six-level inverter was considered and
controlled using the PWHM technique, requiring only twelve
switching states per period. The simulation results showed
a voltage THD rate of 15%, with successive harmonics
being zeroed from the 2nd to the 10th order. The first non-
zero harmonic is the 11th order with 8% of the fundamental
amplitude.

The proposed configuration provides a compact and
cost-effective system with a reduced number of switching
states. The low-frequency switching reduces the power
losses of the inverter, resulting in improved efficiency of the
proposed topology. Additionally, the proposed topology
significantly reduces the number of components required for
the same number of voltage levels compared to
conventional topologies.

Overall, the proposed multi-level inverter topology offers
advantages in terms of harmonic performance,
compactness, cost-effectiveness, and reduced switching

losses. It provides a viable solution for integrating
renewable energy sources into microgrids.
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