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Abstract— The article presents the basic mathematical only for two of the switches. 120 degrees invecn be
and programming tools for analyzing the higher harmonics  considered as the best one [1].

of inverters. Harmonic spectrum of the output voltage in a . .
smple and cascade connection of an inverter models are The content of higher harmonics in the output \g#ta

analyzed using M atlab/SimPower Systems. Theinfluence of Uz depends highly on the conduction anleln [1] it is
the cascade connection on the output voltage harmonic ~ derived the Fourier series of the voltageshown in Fig.
spectrum is observed. There is also analyzed the total 2. The voltage shown in this figure does not contai
harmonic distortion at different ways of switching. DC-component. Only odd harmonics have non-zero
Keywords —converter circuits, simulations, harmonics value. The harmonic spectrum of the voltage atldhel
in dependence on the conduction angle can be
described in the form (1)

l. INTRODUCTION ) w%- 1

The output voltage of an inverter has in general-no ¥ '@ ) = m ALk -1
sinusoidal shape. The required AC output quantity - k=1
frequency and voltage — is created by a sequence of 1)
"segments" properly cut out from the input variable ; - ;
quantity, which is a DC-voltage. The required otitpu WhereU_ls the value of DC voltagey=2 7f,, and harmonic
quantities, AC voltage amplitude and frequency, are ordern=2k-1.
created either from rectangular pulses or by thisepu n 1
width-modulation (PWM).

Power source with a non-sinusoidal voltage suppbed W1l
an electric equipment brings some undesirable t&sffec ZE >|lﬂ 1UTEK Z
For example, it can cause additional losses in the _ Uz
windings and ferromagnetic circuits of transformers C
AC motors the additional losses are higher and aijpey Tl 5
characteristics of motors are worse. In photovoltai V9
power sources, the use of inverters must be céyeful W4
considered, because a wide range of harmonics ean b ZE >F K Zg
generated. These would greatly decline the qualfty V12 W4
produced and transmitted electric energy.

l{Ek ~-1)- :‘"] sir[ (2k — 1), 1]

|

Il.  BRIDGE CONNECTION OF INVERTERS Fig.1. Single-phase voltage inverter

Basic schema of a bridge inverter is shown in Eig. x = (n-'Pj:2
The operation principle of the inverter is desatlite [1]. . ¥ xx ¥ g
The positive voltage at the load is obtained whea t e . St
transistors V1 and V4 are switched on, the negative WU, )
voltage is obtained when the transistors V2 andaw3 U pre— r—
switched on. The zero voltage at the load occursnadil
transistors are turned off. For inductive loads, tlrrent
inertia of inductance is looped through the antafial
diodes. e =
Individual semiconductor switches can lead theentrr U T
maximally for a half of the period. It means that & I
fundamental output frequency f = 50 Hz (T %) Zhe s
maximum value of the conduction angle of switcles.i i i o i
This kind of inverter is called “an inverter with8a Fig. 2. Output voltage of the single-phase bridgeiter with
degrees conduction angle”. The conduction angle of the conduction angle of switctiés
switches may be reduced. The inverter can haveOa 15
degrees conduction angle or 120 degrees conductionFig. 3 shows the course of th& and several higher
angle or even less. Reduced conduction angle idedee harmonic waveforms for one period obtained by the
equation (1) when the conduction anifile= 180 degrees.
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The superposition of the 1st, 3rd, 5th, 7th, 9tk 44
harmonic is approaching the rectangular shape ef th

Fllndamental (50Hz) = 381.9, THD=48.31%
output voltage from the inverter. ' ' s '
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Fig.4. Spectrum of higher harmonics for 180 degneesrter
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Fig. 3. Waveform of calculated higher harmoniasvioitage E ' -
waveform shown in Fig. 2. c ! ! roor T
g0
If the DC input voltage of the inverter is U = 380 5
and the conduction angle ¥ = 180 degrees, then the E 15
effective value of the basic/first harmonic for thetput 3
voltage according to the (2) isfJ = 270,12 V [2]. “U: 10
4 Q
Uy =—F7= (2) $5
o L
If the values of the first harmonid, and also of the 0 peltiil il
higher harmonic&J, are known, it is possible to calculate  [2 0 10 20 30 40 50 60 70 80 90 {00

the total harmonic distortiohHD Hatmoric ordr

© Fig. 5. Spectrum of higher harmonics for 120 degree
ZU s inverter obtained by FFT Analysis
n=23... ®
THD = ——F—

Using the same method it is possible to analyze
1 waveforms and harmonic spectra for other conduction
For the case described above, when considering fireingles. In Fig. 5 and 6 there are shown the resilts
eleven odd harmonics thEHD is 0,44 (44 %). When analysis for¥ = 120 degrees. It can be seen that the third
considering further higher harmonics fheD converges harmonic and its multiples were eliminated. However
to the value of 48 %. ITHD is smaller, the course of reducing the conduction ang¥# of the inverter for the
voltage is nearer to the fundamental harmonic. same DC input voltage U = 300 V gives reduced adutpu

In the Simulink/SimPowerSystenis is possible to VoltageRMSvalue.
perform the same analysis by using the block fol FF
analysis. In Fig. 4 it is shown the output of thieck

with the percentage values of the first 100 harc®i 388 1. harm
the inverter output voltage. The amplitude of tlnstf 550 3. harm.
harmonic obtained by FFT analysis is U = 381,9 WisT 200 11. harm
value corresponds exactly to the amplitude of first 150 5. harm.
harmonic in Fig. 3. The effective voltage of thesfi 100 superpoz. 1.-11.harm
harmonic is equivalent to the result obtained Ryiz; = — 50

381,9 V /v2 = 270 V. The otal harmonic distortidiHD % 0

is 48,31 %. This value corresponds to the calautati 188

according (3). From the known value of the first 150

harmonic, it is possible to calculate further valuef 200

harmonic amplitudes as well. For example, the anombdi -250

of the third harmonic has the value of about 38f%he -300

first harmonic. Thus the third harmonic has absolut -350

amplitude of about 126 V (see also the wavefornthef

3“ harmonic in Fig. 3). t[s]

Fig. 6. Waveform of higher harmonics obtained byatipn (1) for
120 degrees inverter
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[ll.  MULTI-LEVEL CASCADE INVERTERS AC inverters of each level are connected in series.

The advantages of multilevel inverters are lowerTOtal output voltage of the whole inverter is thensof
voltage strain of the power semiconductor devices a Voltages of each sub-inverter (Fig. 8). The dutgleyof
more levels of the output voltage. This has a pasit €ach voltage level is yet another. The conductiogles

effect on the harmonic spectrum of the output \gata

Y1, ...., 5 can be chosen in such a way that the THD is

The disadvantages are difficult connection of theMinimized.

converter, complicated switching control algoritharsd
variation of potentials in the middle of the capiaei
divider [3].
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Fig.7. Structure of single-phase cascade multilewadrter

Fig. 7 shows the structure of the single-phaseachsc
multilevel inverter [4]. Each parallel source - fxample
the photovoltaic module - is connected to a simlase
fully controlled bridge inverter. Each
generate three different levels of output voltagesnely

+Vdc, 0 and -Vdc. The voltage +Vdc is obtained when

the transistors S1 and S4 are switched on, thag®lt

Vdc is obtained when the transistors S2 and S3 a

switched on and the output voltage is zero wheffioait
switching transistors are switched on.
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Fig. 8. Assembling the output voltage in multileirelerters

inverter can

"&n

The influence of various conduction angles on the
higher harmonics content was investigated on a ctenp
model of a 5-level inverter created in the
Matlab/Simulink.

In the first case the input voltage of each levabwet
to 80 V.

In the second case the input voltage of each lerasl
set to 85 V. The output voltage waveforms for bodkes
are shown in Fig. 9. The effective value of thepotit
voltage was the same in both cases. Relations batwe
the change in the inverter input voltage and cotidnc
angle in order to keep constant rms value of output
voltage are investigated in [6].

400} -

Udc = 85V ||
Udc = 80V

200

v\

200} -~~~

0.02

4001 -
0 0.005

|
0.01
t[s]
Fig. 9. Output voltage waveforms of multilevel intezs
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Fig. 10 shows the harmonic spectrum of the output
voltage of the bridge inverter with larger condanti
gles and lower input voltage 80 V. On the othaard)
Fig. 11 shows the output harmonic spectrum of draes
inverter, but with smaller conduction angles andhwi
higher input voltage 85 V.

Fujdamental {50Hz} =401.4 , THD=7.71%
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Fig. 10. Spectrum of higher harmonics in a mulglenverter with
input voltage 80 V
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Furldamental (50Hz} = 398.8 , THD= 1551%
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Fig. 11. Spectrum of higher harmonics in a multélenverter with
input voltage 85 V

IV. CONCLUSION

(1

(2

(3]

(4]

(5]

(6]

The aim of this article was to introduce the basic

techniques used for analysis of the harmonic caondén
output voltage in the single-phase voltage invsrter
Various methods for the higher harmonics elimiorain

frequency spectrum of the generated voltage were

introduced. The elimination of higher harmonics is

necessary in order to decrease the additional plmsses
in electric machines and devices and also for impg
the operation characteristics of electric mot@reated

computer model of the inverter will represent a

subsystem in computer model of electrical vehigiged
system, which is currently under development.
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