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Abstract

This paper presents a single phase multilevel inverter for using as a voltage harmonic source. First, a single phase multilevel
inverter system is presented and the structural parts of the inverter are described. In order to obtain multilevel output voltage
waveforms, a switching strategy based on calculating switching angles is explained and an improved formula for determining
switching angles is given. Simulation and experimental results of multilevel voltage waveforms are given for 15, 31 and 127
levels. The proposed topology does not only produce output voltages with low THD values. It also produces the required harmonic
components on the output voltage. For this purpose, equations for switching angles are constituted and the switching functions
are obtained. These angles control the output voltage as well as provide the required specific harmonics. The proposed inverter
structure is simulated for various functions with the required harmonic components. The THD values of the output voltage waves
are calculated. The simulated functions are also realized by the proposed inverter structure. By using a harmonic analyzer, the
harmonic spectrums, which belong to the output voltage forms, are found and the THD values are measured. Simulation and
experimental results are given for the specific functions. The proposed topology produces perfectly suitable results for obtaining the
specific harmonic components. Therefore, it is possible to use the structure as a voltage harmonic source in various applications.
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NOMENCLATURE

Vd voltage of the first level module
Vmax maximum value of the required load voltage
Vref reference voltage
V0 output voltage
Vf peak voltage of the fundamental harmonic

component
Vh peak voltage of the hth harmonic component
Vdc dc component value of the output voltage
n number of output voltage levels
m number of level modules
r number of switches
θj switching angle
ϕh phase angle
ω angular speed
tmax maximum value of the sample time
tsample value of the sample time
ff frequency of the fundamental harmonic

component
Q(k−1) (k − 1)th switching signal
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I. INTRODUCTION

Power electronic inverters have been used in various ap-
plications recently. Inverters have become a necessity for
many implementations in industrial areas. So, numerous con-
figurations and switching strategies have been presented and
discussed extensively.

Particularly, multilevel inverters have received increasing
interest for power conversion in high-power applications due
to their lower harmonics, higher efficiency and lower voltage
stress compared to two-level inverters [1]. Various topologies
for multilevel inverters have been introduced and widely
studied [1]– [23]. The most considerable of these topologies
are the diode clamped [neutral-point clamped (NPC)] inverter
[7], the capacitor clamped (flying capacitor) inverter [8] and
the cascaded H-bridge inverter with separated dc sources [9].

Multilevel inverters generate a staircase waveform. By in-
creasing the number of output levels, the output voltages have
more steps and harmonic content on the output voltage and the
THD values are reduced [10]. Therefore, they produce high-
quality output voltage by increasing the level number.

However, in some conditions, the harmonic components on
an output voltage wave are required for special applications.
For example harmonic components are needed for researching
the effects of harmonic components on transformers, induction
machines, capacitors and they are used in transmission lines to
observe their results. Specific harmonic components are also
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Fig. 1. Configuration of the proposed single phase multilevel inverter
system for 15 levels.

required for voltage active filter applications.
This paper presents the performance of a single phase

multilevel inverter for using as a voltage harmonic source.
The structure of the proposed inverter is different from some
inverter types in literature [11]. The level number can be
easily increased. As a result, voltage stress is reduced and
more sinusoidal shaped output voltage waves can be obtained.
In addition, the required harmonic components on an output
voltage wave can be obtained suitably for the objectives of this
study. To accomplish this, a method for finding the switching
equations is explained. The proposed inverter is simulated for
various specific functions including harmonic content. The
validity of the proposed method is verified through an experi-
mental study. The proposed inverter gives perfect performance
for obtaining the required harmonic components. Therefore, its
use as a voltage harmonic source is highly efficient.

II. PROPOSED MULTILEVEL INVERTER SYSTEM AND
SWITCHING STRATEGY FOR MULTILEVEL VOLTAGE

WAVES

In this study, a single phase multilevel inverter system
is proposed. The principle of the proposed method will be
explained for a 15-level inverter. However, the structure can
be easily adapted to any number of levels. The configuration
of the inverter structure is shown in Fig.1.

The proposed multilevel inverter structure consists of two
basic parts. The parts are classified as Level and H-Bridge
Modules. The most remarkable feature of the system is its
ease of expansion. By increasing the number of level modules
and connecting them cascaded, the inverter system can expand
and the voltage level number can be easily increased.

The Level Module consists of two semiconductor switching
devices and a dc source. The voltage of the dc source is
expressed by k and Vd as 2(k−1) ·Vd. Generally Vd is expressed
as:

Vd=
2 · Vmax

n− 1
(1)

k=1, 2, 3, . . . ,m. (2)

Fig. 2. 15-level output voltage (V0), reference voltage wave (VRef ) and
switching angles (θ1, θ2, θ3,. . . θ7).

The number of switches and output levels related to the
number of cascaded level modules are given in Table 1.

As it can be seen from Table 1, in the event of using four
level modules, a 31-level output voltage form is obtained.
However this level number is the maximum value for four level
modules. By using four level modules in the inverter structure,
17, 19, 21,. . . ,29-level voltage waves can be obtained addition
to the 31-level output. Therefore, the output level numbers in
the table are the maximum values for the given level module
number.

TABLE I
NUMBER OF SWITCHES AND OUTPUT LEVELS RELATED TO NUMBER OF

CASCADED LEVEL MODULES (LM)

Cascaded DC Source Output Level (n)
Level Modules Ratio Number of Switches (r)

3
LM1 1Vd 6

7
LM2 2Vd 8

15
LM3 4Vd 10

31
LM4 8Vd 12

63
LM5 16Vd 14

127
LM6 32Vd 16

: : :

: : :

2(m+1) − 1
LM m 2(m−1)Vd 2m+ 4

The number of output level (n) and the number of switches
(r) are expressed as follows:

n= 2(m+1) − 1 (3)
r= 2m+ 4. (4)

The switching strategy in the proposed method is to generate
gate signals by calculating switching angles [20]. The required
switches are switched alternately and multilevel output voltage
wave is obtained by using the calculated angle values and the
known frequency. For calculating switching angles, a simple
method is developed for the proposed inverter topology. The
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(a) Simulation, 15-level (b) Experimental, 15-level

(c) Simulation, 31-level (d) Experimental, 31-level

(e) Simulation, 127-level (f) Experimental, 127-level

Fig. 3. Simulation and experimental results of multilevel output voltage (V0) for resistive loads in the proposed multilevel inverter.

formula for this method is given as follows:

θj= sin−1

2j − 1

n− 1

 (5)

j = 1, 2, 3, . . . ,

n− 1

2

 . (6)

For instance, the switching angles θ1, θ2, θ3, θ4, θ5, θ6 and
θ7 can be calculated by using equations (5) and (6) for a single
phase 15-level inverter topology.

The output voltage and the reference voltage waves accord-
ing to the calculated switching angles are illustrated in Fig.2
for a 15-level topology.

In order to increase the output voltage levels, level modules
are increased and various output levels can be obtained in
respect to equation (3). This approach can be easily applied
to any number of levels. In this case, switching angles should
be calculated for each voltage level number.

In Fig.3 simulation and experimental results of output
voltage waves in the proposed multilevel inverter are given
for 15, 31 and 127-level voltage waveforms.

The output voltages can have more steps by increasing the
number of output levels. In this condition, the shape of output
voltage converges more to a sinusoidal waveform and the THD
value of output voltage is considerably reduced.

Through simulations and experiments, it can be seen that
the proposed inverter topology generates a high-quality output
voltage waveform. By increasing the level number, the THD
values of the output voltage decrease even for resistive loads.
The switching strategy is simple and switching angles can be
easily obtained by using the formula. The ease of expansion
for the proposed multilevel inverter system makes it easy
to increase the number of output levels. By increasing the
level number and producing a multilevel voltage wave, dv/dt
stresses imposed on power-switching devices are reduced in
the proposed topology.

III. DETERMINING SWITCHING ANGLES FOR OBTAINING
HARMONIC COMPONENTS

The proposed multilevel inverter produces multilevel output
voltages with low harmonic content as mentioned in section
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Fig. 4. A sample reference output voltage wave.

2. The proposed structure is also capable of producing the
required harmonic components on the output voltage so that it
can be used as a voltage harmonic source. In order to obtain
an output voltage with harmonic content, first, the required
harmonic components are determined and the equation for the
reference voltage is obtained as follows:

Vref =
Vdc
2

+

∞∑
h=1

Vh sin(hωt+ ϕh). (7)

In equation (8), a sample reference function is given and
the output voltage wave of the sample function is illustrated
in Fig.4.

Vref = V1 sinωt+ V3 sin 3ωt. (8)

∆t seen in Fig.4 gives the sample time of switching signals.
When a smaller value is chosen, the output voltage more
closely resembles the reference signal. The sample time is
related to the frequency of the fundamental harmonic com-
ponent and the level module number. In equation (9) the
maximum value of sample (tmax) time, which is related to
the fundamental frequency and the level module number, is
given. During operation, the sample time (tsample ) should be
chosen smaller than tmax for obtaining an output voltage that
is similar to the reference signal.

tmax = sin−1

 1

2(m+1) − 2

 · (2πff )
−1 (9)

tsample = ∆t = ti+1 − ti (10)
tsample << tmax. (11)

Vref value at any time is taken from the curve and used
in the equations below. By using the equations, the switching
signals are obtained.

Q0(t) =Vref (t) mod 2 (12)

Q1(t) =

Vref (t)− (Vref (t) mod 2)

2

 mod 2. (13)

These switching equations can be generalized and the
general switching function related to the level module number
is defined as:

Q(k−1)(t) =

Vref (t)−
(
Vref (t) mod 2(k−1)

)
2(k−1)

 mod 2.

(14)

By using equation (14), the switching signals are obtained
for the proposed multilevel inverter structure including four

Fig. 5. Switching signals in the proposed multilevel inverter including four
level modules.

Fig. 6. Output voltage of the proposed multilevel inverter including four
level modules.

Fig. 7. Output voltage of the proposed multilevel inverter including five
level modules.

level modules. Therefore, the reference output voltage wave
in Fig.4 is achieved. The switching signals and the simulated
output voltage wave are given in Fig.5 and Fig.6 respectively.

It can be seen from Fig.6 that the output voltage of the
proposed multilevel inverter is similar to the reference voltage
wave.

By increasing the level module number, the shape of output
voltage gradually converges to the reference output voltage
wave. The output voltages of the proposed inverter structure
including five and six level modules are illustrated in Fig.7
and Fig.8, respectively.

IV. SIMULATION RESULTS

The proposed inverter structure is simulated for various
specific functions. First, the amplitude and degree of harmonic
components in the output voltage are determined. According to
the required harmonic components, the reference voltage func-
tions are constituted and the switching signals are obtained.

The harmonic components of the reference signals related
to the fundamental component are given in Fig.9. The peak
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Fig. 8. Output voltage of the proposed multilevel inverter including six
level modules.

voltage of the fundamental harmonic component (Vf ) is taken
as 31V.

According to the reference functions, the proposed inverter
is simulated and simulation results of the output voltage waves
are illustrated in Fig.10. The THD values are also calculated
for given functions. The simulation results are given in Table
2 together with the experimental results.

V. EXPERIMENTAL RESULTS

For verifying the validity of the proposed inverter, a proto-
type was designed and manufactured. A photograph of the
proposed multilevel inverter prototype is shown in Fig.11.
The prototype consists of an H-Bridge module and six level
modules. So, a maximum 127 output levels can be obtained
from the experimental set up. A total of 16 power mosfets
(IRFP460, 500V, 20A) are used in the inverter structure. The
switching signals are determined by a PIC18F452 micropro-
cessor. All of the simulated specific functions are realized by
the proposed inverter structure.

According to the switching angles, the multilevel inverter
is switched at certain angles and output voltages with the re-
quired harmonic components are obtained. The output voltage
waveforms of given functions are shown in Fig.12.

The harmonic components of output voltage forms are
measured by a harmonic analyzer and the harmonic spectrums
are found. Each harmonic spectrum is given in Fig.12.

It can be seen from Fig.10 and Fig.12 that simulation and
experimental results of output voltage waves obtained using
the reference signals in Fig.9 are quite similar.

The THD values of the output voltage waves are also mea-
sured using the harmonic analyzer. The experimental results
are given in Table 2 together with the simulation results.

TABLE II
TOTAL HARMONIC DISTORTION (THD) VALUES OF OUTPUT VOLTAGE

WAVES

Total Harmonic Distortion (THD) (%)
Functions (a) (b) (c) (d)
Simulation 41.46 32.32 65.44 32.33

Experimental 41.04 31.96 64.79 31.97

It can be seen from Table 2 that simulations and experimen-
tal studies give similar results in respect to the THD values.

(a) Function a

(b) Function b

(c) Function c

(d) Function d

Fig. 9. Harmonic components of the reference signals related to the
fundamental component.

VI. CONCLUSIONS

A single phase multilevel inverter structure for using as a
voltage harmonic source has been introduced in this paper.
First, the inverter structure and the switching strategy were
explained. To obtain an output voltage with a harmonic con-
tent, first, the required harmonic components were determined
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(a) Function a (b) Function b

(c) Function c (d) Function d

Fig. 10. Simulation results of output voltage (Vo) with the required harmonic components in the proposed inverter.

Fig. 11. Photograph of the proposed multilevel inverter prototype.

and the switching signals were obtained. The proposed inverter
structure was simulated for various functions and simulation
results were given. The simulated functions were realized by
the proposed inverter structure. Experimental output voltage
waves and the harmonic spectrums were given. The THD
values of the output voltage waves were also measured. The
results of the study are summarized as follows:

1) The ease of expansion for the proposed multilevel in-
verter system makes it easy to increase the number of
output levels. By adding two switching elements to the
proposed system, the output level (n) is changed as
2n+ 1.

2) A simple method is improved for calculating the switch-
ing angles, so that they can be easily obtained by using
the formula for multilevel output voltage waves.

3) The proposed inverter topology generates a high-quality
output voltage waveform.

4) The proposed structure also produces the required har-

monic components on the output voltage. This feature
makes it possible for the inverter to be used as a voltage
harmonic source.

5) For obtaining output voltage with a required harmonic
content, the switching equations are improved for find-
ing the switching signals and a generalized formula
related to the level module number is obtained.

6) It can be seen that shape of output voltage gradually
converges to the reference output voltage wave by in-
creasing the level module number.

7) Through simulations, output voltage waves are obtained
for the given reference functions with the required
specific harmonic components.

8) The validity of the proposed method is verified by
experimental studies. The results show that the proposed
inverter gives perfectly suitable results for obtaining
output voltage waves with a required harmonic content.

9) The experimental and simulation results are quite simi-
lar. This demonstrates that performance predictions can
be made easily for various harmonic components by
means of a simulation study.

These results show that the proposed multilevel inverter
structure gives perfectly suitable results for producing the
required waveforms. Output voltages with low harmonic
content can be obtained. In addition, output voltages with
the required harmonic components can be produced by this
structure. Therefore the inverter can be used as a voltage
harmonic source in various applications. For instance, it can be
used to research harmonic effects on transformers, induction
machines, capacitors and transmission line models. Another



144 Journal of Power Electronics, Vol. 10, No. 2, March 2010

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 12. Experimental results of output voltage (Vo) with required harmonic components and harmonic spectrums in the proposed inverter (a)-(e) Function
a, (b)-(f) Function b, (c)-(g) Function c, (d)-(h) Function d.
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noteworthy implementation area for this structure is voltage
active filter applications. It is thought that the proposed struc-
ture will be used as a voltage active filter in future studies.
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