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Voltage source inverter

Voltage-source inverter is a converter that transforms a

dc-link voltage into an ac voltage
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In a voltage-source inverter, the dc-link is a capacitor,

while the load exhibits a resistive—inductive character

There also exist current-source inverters, which are used
less frequently and include an inductor in the dc circuit.

In this case, the load has a resistive—capacitive character
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Depending on the direction of the power flow, the same

transistor-based rectifier (PWM rectifier, active front-end).
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Topology of 2-level converter

The most commonly used inverter is the two-level Three-phase, three-leg converter
converter. It consists of switching legs composed of two

) ) ) _ &'¢6 P va2| + (s A Jg& %Dajgss iDs
transistors with antiparallel diodes. —_— A ia R, L

Single-phase half-bridge converter Vdjijﬂ ) C E%

IR T ke %o ke goky %

A | a
Vdc/2 - - - 1
_T_w: s %o }AU . Three-phase, three-leg, four-wire converter
Single-phase full-bridge converter
&P ) & va2| + K5 &b Jgss %D3J'£Ss %Ds
S —_ a ia R L
x I S
1K D JK s ADs 0 B —
Va A R L | 3 Va2 | + c L """
— [ > —

s tD% JK&‘ A D. T_ Ks: &D JE&; ?D“Jﬁfﬁ $D6
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2-level converter — voltage levels

A transistor leg can be represented as a switch The negative terminal of the load is connected to the
negative terminal of the dc-link.
Switch position Schematic Output voltage
VA0
A
---------- 2 voltage levels — hence the Vi s
The output is name of the converter
VA0 —
connected to the A w0 = Ve i
ey . Ve
positive terminal = . _
g This is not an AC voltage (a DC component is present).
of the DC voltage ¢ It is a DC-DC converter
source >
The negative terminal of the load is connected to the
midpoint of the dc-link.
The output is VA0, a0 0 VA0
connected to the Ve Va2
negative terminal 1
of the DC voltage t
» —Vdc/z
source
This is an AC voltage
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Virtual midpoint of the dc-link

Reference point ,,-” Reference point ,,0”
v A DA
In many converters, when one or several parallel- N o
AQ
. - . . Vdc/2 “““““““““ [——
connected capacitors are used, the DC-link midpoint does ¢ ¢
not exist. This applies to the converter:
Vide- OB Vaef2 |- — -
- Single-phase, full-bridge converter L T
t t
- Three-phase, three-leg converter | g g
v e 77,3 S
Defining such a point may facilitate the analysis of the e
dc/2 """"""""""""
converter’s operation, but it is not necessary. ! !
v on o= (oatstoc)3 R7{ e S R —
Vad2| + JKT % JK‘ % JK % vA LJ J o | , Apne  ON0= (vaotvBotUCo)/3 ,
p— A ia ‘ R L ! Vac/6 -
] E N
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Star point voltage

The star-point voltage is also referred to as the common-
mode voltage. It is not equal to zero because the sum

Upg+UBo U # 0.

Apne  ON0O= (VactTBOtUCO)/3

Vdc/6

A va
T Va

------------------------------------ - (2/3) Vac
] o

,,,,,,,,,,,,,,,, (1/3 Vac

t

7777777777777 -(1/3) Ve
_________________________ I_I -(2/3) Vac

The expression for vy, can be derived using the nodal

analysis for a symmetric three-phase load supplied by the

voltages v, Upg 1 V¢

@ Silesian University
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For symmetric three-phase load Z, = Zz = Z- = Z.

From nodal analysis the star-point voltage vy.

1 1 1 v v v
—t—+— v =20+ B+ & 1
(ZA ZB ZC] M ZA ZB ZC ( )
3
EUNO = E(UAO T Vg +UCO) (2)
Vg + 0 +0
Uy = A0 ?le () (3)

Eq. (3) is valid only for the symmetric three-phase loads,

but such loads are most often connected to inverters.
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Multilevel converters

There are converters with a higher number of levels. Operation of the NPC converter

Three-level converters: ot ot ot

NPC NPC-T ANPC I C 51 I C \ 51 I C \ 51

Neutral Point Clamped  Neutral Point Clamped Type T~ Advanced Neutral Point Clamped !

v T Ds S2 v B Ds S2 v Ds S2

dc dc dc

0 vAOI 0 ‘UAOI 0 ‘UAUI
DeZE

o—4 o—

D Ds
Vad/2| = Va2 | = CZ:: : \ > C2: b > C2:: ZE» >
Sa \ S4 S4
PR SE— PR S P—
09 0 9

A VA= Vdc/2 A vao=0 A VA= -Vdc/2

\J
\J
\J

Vdc/2 — Vdc/2 p—

o _ A . Switching states _
Three-level converters use semiconductor switches with Yao [T g S S S Complementary pairs:
1 2 3 4
lower blocking voltages and make it possible to: V.2 | 1 1 0 0 S,=-S,, S,=-8S,
* reduce power losses 0 0 ! 1 0
Hee powerto v,2l 0l o] 1] 1

* increase the dc-link voltage.
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Inverter voltage levels
In a three-phase converter, the following voltages are
distinguished:
 output voltages v,,, vg, and v,
* line-to-line voltages v g, vgc and vy
* phase voltages v,, vg and v.

Each of these voltages contains a different number of

levels.
Va2 S1 S3 Ss
il J%} K&
0
Vad/2 1
—_— | & S4 Se
] JKl} ]

When pulse-width modulation (PWM) is applied, the

voltages are switched.

vao Two voltage levels, hence the name of the converter.

Vad/2 ; 2 levels,
> Vmax = Vdc/ 2

Va2

A DB
Vdc i

t 3 levels,
| V = Vd

max

C

5 levels,
Vmax = (2/3)Vdc
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Pulse width modulation - fundamentals

Output voltage waveforms for different duty cycles D The idea of pulse-width modulation is to vary the duty
A D0 D=02 A D20 D=04 cycle D in such a way that the average value (averaged
R e V]2 memm— - - e
t Vaoay ! over the switching period Ts) reproduces the signal that
cecdeccccccccccccaas 7/t O _ S A
[ N controls the duty-cycle variation.
VA0 _ VA0 _
Vdc/zﬂ D=0.6 B Vdc/zﬂ D=08 _ 60
................. Vaory ¢ R ilileln
DT g g 401
Vad2 |- - Vad2 |- -
Ts 20
) A Vaoav
Va2 '
o Duty cycle D changes the 0
d average value of the output 201
it voltage
0 o »D & -40-
Al 1% I I
»* Vo=V, D—-9 4 -60 ‘ ‘ ‘ ‘
sy = Va5 () 0.00 0.02 0.04 0.06 0.08 0.1C
/' Time /s
Va2 ‘

v
0 010203040506 070809 1.0
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Pulse width modulation - fundamentals

In inverters, instead of using the concept of the duty cycle

D in pulse-width modulation, the term modulating signal

Sy 1s used.
A

Ts

SM

Tm

s A
Ac .
( ia

L=

\An

N
\

AAAA
N

A
2

A A

A An

A An

-Vdc/2 -

O

The switching signals of the converter transistors (si, s»)
are obtained by comparing the modulating signal with a

triangular carrier signal s, of frequency fs=1/Ts.

Upper switch S; turns on when signal s,

s,=1 when s, >s

M N

Lower switch S, turns on when signal s,
s,=1when s, <s,
When the modulating signal sy, is a sinusoid of the form

of s,=A_ sin(2nf,t), two parameters are defined:

Modulation index m, = Ijlm
T
Frequency index m, = fs _Tw
fm TS
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Pulse width modulation - fundamentals

Examples: Examples:
Different modulation indices m, = 0.9 and m, = 0.4. Different frequency indices m; =20 and m; = 50.
1 ~ 1 14 11
HITHN | 1 | A ¥ /'M\f | ’””
\ 1T THN A " i ‘
AR bt | -l AR
‘-‘//i/ 1 V V \\L_///
-1 -1 -1 , -1
504 n 50 . 50 — 50
0- N 0- 0- 0
-501 | | Y et dstastestet -501 — -0 , , ,
080 085 090 095 x1lel 080 085 090 095 x le-l 080 085 090 095 x1lel 080 085 090 095 x le-l
Time /s Time /s Time /s Time /s
Other parameters unchanged: Other parameters unchanged:
fom=50Hz, m;=20, V4,=100 V. fn=50Hz,m,=0.8, V4.=100 V.
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Pulse width modulation - fundamentals

Examples: The carrier signal sy may vary in the range from -1 to 1 or

Different values of fundamental frequency from 0 to 1. In microcontroller implementations, the

£ =25Hzand f,= 50 Hz carrier signal corresponds to the value of a counter that
;1 " . increments from 0 to an integer value of several hundred.
’ HATTTER, A ’”””m ””””” Examples of using a carrier signal varying in the ranges
o| I of hw“m““’ H”““W (-1, 1) and (0, 1).
o THEH 1 The modulating signal s,; must be adjusted accordingly
50 ] 50 Sy =m, Sil’l(Zﬂmet) Snm :;(lera Sin(ZTEfmt))
-501 ! -501

000 001 0.02 003 0.04 006 007 008 009 0.1C

Time / s Time /s “_l L] 1], ]H | 11,

Other parameters unchanged: U L Wi 0 U [ i r
m, =0.9; m, = 30 (the switching frequency is changed Regardless of the chosen method, the output voltage is the
due to a change of f,,); V4.=100 V. same in both cases.
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Pulse width modulation — harmonic spectrum

Increasing the switching frequency improves the shape of
the output current waveform, but it also increases the
switching losses in the inverter.

In the output voltage waveform, in addition to the
fundamental harmonic, there are harmonics associated
with the switching frequency and their higher-order
components. Their orders depend only on m,.

A me=11, ma=0.9

v 1,0
@ 0,9
2 0,8
0,7

0,6

0,5

0,4

03

02 || |

0 5 10 15 20 30 35 40
mi-2 mi me2 2me3 2mel 2mel 2me3

Simulation results in PLECS for m, = 0.8.

50

40-
30-
20-
10

0+
-10

mf=20

50
401
30
20
10

0-
-10

mf=4:0

The amplitudes of the harmonics may exceed the
amplitude of the fundamental harmonic.

0

1000 2000 3000 4000 5000 6000 700(

Frequency / Hz

The harmonic amplitudes do not change for the same

modulation index m,.
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Pulse width modulation — harmonic spectrum

O

Van 1A Amplitudes of the most significant harmonics for different
Vi 1.2 h=mi SRR
c ' modulation indices m..
2 J 1.1 S a
(1)8 N h=12 m, 10 | 09| 08 | 07 | 06 | 05 | 04 | 03 | 02 | 01
0.8 h=1 | 1.00 | 0.90 | 0.80 | 0.70 | 0.60 | 0.50 | 0.40 | 030 | 0.20 | 0.10
0.7 h=m, | 060 [ 071 | 0.82 | 092 | 1.01 | 1.08 | 1.15 | 120 | 1.24 | 1.27
0.6 h=ma2 | 032 [ 027 | 022 | 017 | 0.13 | 0.09 | 0.06 | 0.03 | 0.02 | 0.00
g'i PR h=2mal | 018 | 026 | 031 | 035 | 037 | 036 | 033 | 027 | 0.19 | 0.10
03 . h=2ma3 | 021 | 018 | 0.14 | 010 | 0.07 | 0.04 | 0.02 | 0.01 | 0.00 | 0.00
— : 4/ ~-
0.2 h= m%, :
0.1 e e = 01 £ 3 The linear relationship of the fundamental harmonic
// ;
- > : :
0 01 02 03 04 05 06 07 08 09 10 (h =1) is a fundamental feature of modulation methods.
M, Ma

h=1 - fundamental harmonic Apart from the harmonics listed above, additional

h=m;  —first harmonic of the carrier signal sideband harmonics exist whose amplitudes are very

h=mz#2 —sideband harmonics of the first carrier harmonic .

small on a linear scale but can be revealed on a
h =2mz3 — sideband harmonics of the second carrier harmonic 10gar1thmlc scale (ln dB)

Silesian University @ Faculty of Electrical Engineering 15

of Technology Department of Power Electronics, Electrical Drives and Robotics



Pulse width modulation — harmonic spectrum

Simulation results in PLECS for m, = 0,8 and m; = 40. Example of half-bridge inverter R =10 Q2, L =10 mH,
50 T roarscale V4=50V m,=0,8 and m; =40 (fs =2 kHz).
401 » |
304 , . v | i RL load has impedance Z(f)
20- __Z JK S1 D1
| I 0 A ;IA L 5 5 j-arctan(%}
. Il 11l 1T a2 | + Z(f) =R+ (201 )¢
Ol T _T__ < s & Im R
103 1000 2000 3000 4000 5000 6000 700¢
Frequency / Hz
| | ~ == Forf=50Hz 1ZI =1050Q
40 Logarithmic scale frol 3
X LMy v
20 i | oz 105
-40 ] © o Frequ;r[i:y (Hz) o ”
_60A . Phase .
80, =] Forf=2kHz |ZI =126 Q
-100 £ 1
-120- - 1 0,82-50V
-140 ||||||||||||||”“””"”" (O Eebadadetoonenooonpnoonnntolabebobebed bl bl by ||||||| LGBt LELLLL. o 1 Iomf =—————=032A
0 1000 2000 3000 4000 5000 6000 7004 i 5 5 = ! 126Q

Frequency / Hz
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Pulse width modulation — harmonic spectrum

Simulation results in PLECS for m, = 0,8 and m; = 40

A 0A0 VA0
50 Vv 50V

40V
‘t 30V

20V
10V IIII
50V 0 IIIII

1A

1 2 3 4 5 6
Frequency, kHz

h 1 38 40 42 77 79 81 83

Vaow V 40.0 | 11.0 | 41.0 11.0 7.0 15.7 15.7 7.0

1Z1, Q 10.48 | 119.8 | 126.1 | 132.3 | 242.1 | 2484 | 254.7 | 260.9

L A 3.82 10.092| 0324 | 0.083 | 0.029 | 0.063 | 0.062 | 0.026

Simulation results in PLECS for m_ = 0,8 and m;= 80

VA0
50V

40V
t 30V

20V
10V ||

1A
4 A

3A

£ 2A

\J

1A

O 1
1 2 3 4 5 6 7
Frequency, kHz

h 1 78 | 80 82
Vi V. | 400 | 11.0 | 41.0 | 11.0
1Z,1,Q | 1048 | 2452 | 2515 | 257.8
] = Adh I,A | 382 [0.045| 0.163 | 0.043
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Pulse width modulation — Are there any limitations on m;?

1. Can the frequency index m; be even? 2. Can the frequency index m; be non-integer?

ms=10.5

50 dB

50dB

0dB

0dB

VA0 VA0
-50 dB -50 dB
t t
-100 dB I — = - N -100 dB 1% S
500 1000 1500 2000 2500 500 1000 1500 2000 2500

Frequency, Hz Frequency, Hz

me=10 In this case, the voltage spectrum contains all even and

1 50 dB

; odd harmonics, and a dc component also appears.

0dB ‘

Yﬁﬂﬂﬂﬂﬂﬂﬂﬂfﬁmnﬂ

JU oty o

frequency, iz In this case, spectral leakage occurs (the component of
For even values of m;, even harmonics appear in the frequency 10.5 f,, leaks into the 10th and 11th harmonics).
spectrum, but their amplitudes are very small.
In both cases THD; = 145.768%.

THD, = 143.94%!!!

‘ ‘ The value of the THD coefficient was determined
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Pulse width modulation — large values of m;

50 dB

me =202

For large values of m,, even harmonics appear in the

0dB

voltage spectra, or leakage phenomena occur.

-50 dB

The influence of these additional components on the THD

value is negligible and is not a reason to avoid using even mal

25 5.0 75 10.0 12.5 15.0 17.5 20.0 225 25.0

Frequency, Hz
100

For three-phase inverters, it is recommended that m; be a
multiple of 3 e.g., 39, 201.

frequency indices or those that are non-integer.

me=202,5
50 dB

In high-power converters, where the switching frequency

is low, the discussed issues are important.

In grid-connected converters, where the fundamental

-100 dB

harmonic depends on the variable grid frequency; it is not

125 15.0 17.5 20.0 22,5 25.0

Czestotliwosé, Hz

possible to maintain an integer ratio m;.
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Pulse width modulation — carrier waveform influence

The carrier signal analysed so far had a triangular shape,
which is the recommended carrier waveform for most
PWM modulation schemes. Another possible carrier is the
sawtooth waveform, commonly used in DC-DC

converters.

The harmonic spectrum of the output voltage when using | ~,

PWM with a triangular carrier for m; =40 (m, =0,8) and
THD is 145,76 %.

U L
un I A

|| 'I

20 30
Frequency, kHz

@ Silesian University
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Harmonic spectrum of the output voltage when using
PWM with a sawtooth carrier for m;=401im_, =0,8.

THD is the same as for the triangular carrier, 145,76%.

AT
T
|

| un -

1 50dB

\ A

S

20 30
Frequency, kHz

In the sidebands of harmonics associated with the carrier
frequency, both even and odd harmonics appear.
However, the presence of these harmonics does not
significantly affect the value of the voltage THD

coefficient.
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Pulse width modulation — regular sampling method

In modern microprocessor-based systems, PWM signals Regular sampling method with single update at Sy =-1

50 dB
0dB |
-50 dB d“‘
-100 dB
0 1.0 2.0 3.0 4.0 5.0

are generated using dedicated modules in which the value|

of the modulating signal is cyclically updated.

The method in which the modulating signal is updated

once or twice per switching period is called the regular

sampling method. The methods discussed earlier are Note: in the regular sampling method, the update o
. should occur at -1 or +1 of the carrier signal reduency, &z
natural samplmg methods Regular sampling method with double update at Sy =-1and Sy =1

me =40

Natural sampling method 1WMWMMMMAMMAMM »
T Y
I

) I I
|

4.0 5.0

20 30
Frequency, kHz

——

| S——
y—

} Il I"w ||1 )

20 30
Frequency, kHz

,,,,, ‘
-100 dB "+
0

In all presented cases THDy; is the same and equals 147%.
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Comparison of harmonic spectra

Normalized voltage harmonics and THD for m;=39 and | Normalized voltage harmonics and THD for m; =40 and
R=10Q, L=10mH, V4 .=50 V. R=10Q, L=10mH, V4. =50 V.
Natural method Regular method Natural method Regular method
Vao/(Va/2) Su S S S Su Vao/(Va/2) Su Su Su S S
triangular | sawtooth | triangular | sawtooth | tri DU triangular | sawtooth | triangular | sawtooth tri DU
m; =39 (odd number) m; =40 (even number)
mg | odd | 0.8181 0.6016 0.8181 0.6016 0.8181 m; | even | 0.8181 0.6016 0.8181 0.6016 0.8181
mgl | even - 0.3144 0.0260 0.2960 - mgl | odd - 0.3144 0.0253 0.2965 -
mg2 | odd | 0.2198 0.2851 0.2271 0.2808 0.2278 mg2 | even | 0.2198 0.2851 0.2269 0.2809 0.2276
mg3 | even - 0.1395 0.0066 0.1509 - mz#3 | odd - 0.1395 0.0064 0.1506 -
mg4 | odd | 0.0076 0.0478 0.0099 0.0596 0.0101 mg4 | even [ 0.0076 0.0478 0.0099 0.0593 0.0100
2m; | even - 0.3721 - 0.3721 - 2m; | odd - 0.3721 - 0.3721 -
2mgl| odd | 0.3143 0.1052 0.3049 0.1057 0.3052 2merl | even | 0.3143 0.1052 0.3052 0.1057 0.3054
2m#2 | even - 0.0119 0.0228 0.0021 - 2mgz2| odd - 0.0119 0.0222 0.0017 -
2mg3 | odd | 0.1395 0.1146 0.1443 0.0988 0.1454 2m3 | even | 0.1395 0.1146 0.1444 0.0992 0.1452
2mgd | even - 0.1250 0.0086 0.1210 - 2mgz4| odd - 0.1250 0.0086 0.1211 -
THDy 145.77 145.77 145.97 145.88 145.80 THDy 145.77 145.77 145.96 145.87 145.79
THD, 9.8036 9.8144 9.8145 10.2274 9.8007 THD; 9.5598 9.5697 9.5699 9.9721 9.5571
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Analytical form of the harmonic spectrum for the PWM method

Output voltage waveform in the PWM method for a triangular carrier signal.

], is the Bessel function of the first kind and 0 order

(0t +0,)+ d°2 Jo[ jSin(mgjcos(m[wct+6C])+

mlm

zz; [ m3m, Jsin{ L] Jecos(imfeo+0.J+nfr 40,

,UAO (t) — ' dc

Output voltage waveform in the PWM method for a sawtooth carrier signal.

o0

v(t)= Vé“cma cos(w t+6,) +:“° Zﬂi[cos(mn) —J, (mmm, )} sin(m[wct + QCJ) +

sin(ngjx cos(m[wct +6C]+ n[wot + 60])

_COSEnZJX sin(m[wct +6C]+n|:wot +eo:|)
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Comments on PWM harmonic spectrum comparison

1. The most favorable harmonic spectrum is observed for] 4. The voltage THD value is very similar in most cases.

the natural sampling method with a triangular carrier 5. The highest current THD value is observed in the

signal and for the regular method with a triangular

carrier signal with double updating.

The observed absence of harmonics in the spectrum
when using these methods is independent of whether
m; is even or odd. However, when m, is odd, the
harmonics that are absent in the spectrum are even
harmonics. This is a beneficial feature, and it is

recommended that m; be odd.

When using a sawtooth carrier signal, additional
harmonics appear in the voltage spectrum with a

slight reduction the value of the m; harmonic.

@ Silesian University
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regular method with a sawtooth carrier signal. This
method is not recommended for modulating inverter

signals.

It is important to remember that in the regular
sampling method, the modulating signal is updated at
the minimum carrier signal value (-1 or 0). For a
different carrier signal value, the voltage harmonic

spectrum may change.

The double update method is the most recommended
PWM method.

Ig Faculty of Electrical Engineering 24

Department of Power Electronics, Electrical Drives and Robotics




Conclusions

Different variants of two-level converter were shown.

The role of application in the analysis of the midpoint

of a dc circuit was explained.

The different types of voltages occurring in an inverter
are presented, and the common mode voltage in three-

phase inverters was explained.

The basics of the PWM modulation method were

explained.

The influence of modulation parameters (modulation
index, frequency index, fundamental harmonic
frequency) on output voltage and current waveforms

was discussed.

@ Silesian University
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7.

10.

11.

The harmonic spectrum of the voltage of a half-bridge
inverter was presented, with harmonics divided into
harmonics surrounding the fundamental harmonic,

the carrier signal harmonic, and their sidebands.

The influence of harmonics on the output current

harmonics was explained.

The effect of different values of the mf factor (even,

odd, and fractional) was analyzed.

Spectra for triangular and sawtooth carrier signals

were presented.

Spectra for the regular sampling method were

presented.
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