RYERSON UNIVERSITY

Chapter 4
Inverters

Dewei(David) Xu
Dept. of Electrical & Computer Engineering

Ryerson University




Content

* Topologies
— Single-phase inverters
— Three-phase inverters
* (Gating patterns
— Square wave operation
— Pulse width modulation (PWM)
— Selected harmonic elimination (SHE)

— Delta modulation

* Microprocessor control of inverters




4.1 Introduction

* Inverters:
— Input: dc voltage, fixed magnitude

— Output: ac voltage, adjustable frequency and
adjustable magnitude

e Main feature:
— dc-to-ac conversion

— Solid state device, no rotating machines.




4.1 Introduction

* Types

— Voltage source inverter (VSI): voltage source dc power supply.
Output voltage 1s defined, based on the gating pattern. Output
current is dependent on the load

Power
Supply

Rectifier

*

dc link
¢

VSI

C=

3

Load

Widely used
in industry

— Current source inverter (CSI): current source dc power supply.
Output current 1s defined, based on the gating pattern. Output

voltage 1s dependent on the load
Power  gCR Rectifier

Supply

dc link

f
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4.2 Sguare wave operation

» Single-phase mverter

— Circuit diagram

T'~T,—1GBTs, O i ® *—o *—
switching devices + T'| | D T, D,
D,~D, —Freewheeling g ﬂlg A g 3-|§ A
diodes ;
I + V,
C —dc filter capacitor 4 TC 4 - - B
— g i
(VSI) I, | |D, R .| | D,

A A
V,—dc link voltage g }%-4 821 gl
—~ N
(@ &




4.2 Sguare wave operation

— waveforms
Vo> Vor £ T >
Vg3’vg4u
Van 3
Vd v —p
Ven
Va ‘
Vi
Va I ‘
l. A Vd
’ /\ /\

Period I :1I 11
e

T1, T2 on T3, T4 on
D3, D4 on

IV

. &

D1, D2 on

Period I:

V1 =Vyp>0 — T, T, on, current path:
V —T,—Load—T,—V-

v=V,

Period II:

V3=V~ 0 — Buti >0 — D;, D, on,
energy stored in L is releasing to V',
current path:
V—D,—Load—D;—V +

Period III:

Vy3=Ve~0 — But i <0 — T, T, on,
current path:

V —T,—Load—T,—V-

Period IV:

Ve =V~ 0 — Buti <0 — D, D, on,
energy stored in L is releasing to V',
current path:

V —D,—Load—D,—V+




4.2 Sguare wave operation

— Analysis / ol g

e rms value of output voltage on rms

V;),rms = lJ.OT det = Vd
T 4

. . on,rms
e Fourier series output voltage

v (¢)= Z 4Lsinna)z‘:étﬁ sina)t+lsin3a)t+lsin5(ot+...
’ nw T 3 5
n=1,3,5...

Harmonic
Equivalent circuit

e rms value of fundamental component

olrms_ /\/5 09V

e Fourier series of output current

Z\F s SN0~ 6,) = i ud sin(nat —6,)

2 n
n=13.5.. n=1,35... nﬂ\/Rz + (n C()L)
use harmonic equivalent circuit
V. L nol
1 S and 0, = tan™'

on,rms

R+ (nal)




4.2 Sguare wave operation

— Post analysis
* Question 1: How to change output frequency
« Answer: Adjust the period T of the gate signal
* Question 2: How to change V., 7

* Answer: Adjust dc link voltage V,

* Question 3: Is i, pure AC? no dc component in
practical?

« Answer: No. usually a capacitor 1s used to 1solate the dc
component.




4.2 Example

— RLC load

P

Example
R=10Q,L =31.5mH, C=112uF, V, =220V, f =60Hz
Find : a) Fourier series of i, (up to 9th order harmonic)

b) I, c)THD, d)~A ande) /,

L,rms ? oad ?




4.2 Example

a) Use harmonic equivalent circuit
X, = jnoL = jn2afl = jnx27xx60x31.5x107 = j11.87nQ)

1 o1 1 1 .23.68
XC: =—] =—7]—X —6:_J Q
jnaoC nx2xfC n 27x60x112x10 n
2
Z, =R +(X, + X.) =\/100+(11.87n— 23'68)
n
0, = tan™ % _ tan ' L1877 1_023 8/ _ tan(1.187n-2.368/n) |
) 4V ]on,rms ']na)L R _J(na)C)
v,= Y —“sinnaot =
n=13,5.. N7C e
= 280.1sin wt +93.4sin 3wt + 56.02 sin St on s
+40.02sin 7t +31.12sin 9t + ... .
Harmonic
_ Equivalent circuit

on,peak ~

ni/

n

i, =18.1sin(ewt +40.7°)+3.17sm(3wt —70.2°) +1.0sin(Swt — 79.6°)
+0.5sin(7wt —82.9°)+ 0.3sin(9wt —84.5°) +... 9




4.2 Example

b) 7, . = 18% =12.8A

2 2 2 2
orms \/ 01rms+103rms+105rms+]07rms+1

09,rms

=18.6%

=13.02A
I’ I 2_ 128
THD _ \/ 0,rms ol,rms _ \/1302 128
ol,rms 128
d)P,, =1, R=13.02°x10=1.695kW

or: f)load Z on,rms on ,Fms COS en ~ 169kW

n=1,3,5...
¢) Lossless devices (1deal device)
P =P, =1.695kW
Boad _ 1695

P =VI =], =
cATTE 220

="7.7TA

jz
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4.2 Sguare wave operation

* Three-phase inverter

— Circuit diagram

T~T,—IGBTs, oL

switching devices T

D,~D, —Freewheeling
diodes

C —dc filter capacitor Va

(VSI)

V,—dc link voltage  _ N
(@ &

R —three-phase
resistive load

11




4.2 Sguare

wave operation

— Waveforms,

gate signals

60° . 60°

Note:

t (1) v,, and v, are complimentary

t- .
v,; and v, are complimentary

v,s and v, are complimentary

VvV 3 A

) (2) ¥,y 1s controlled by v,;. They
Va6 ~!  have the same wave shape
" V gy 18 controlled by Vs- They

BNl have the same wave shape
Ves Vcy 1s controlled by v ;. They

- >t  have the same wave shape
Vo2
-1

120°

=
Q
i
A
v
y
~
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4.2 Sguare wave operation

— Waveforms, line-to-line voltages

1200

Note
(1) Vv leads Vy, 120°
Vyyleads Vi, 120°
Veyleads V,, 120°

1 (2) V, leads V. 120°

Vs Vd V,e leads V., 120°
- 60° Vd' : V., leads V,, 120°
v Vd — T (3)V,lags V,, 30°
— Vd. >0y lags Vg 30°
VA _ Veylags Vi, 30°

N

13




4.2 Square wave operation

— Switching sequence

: ' ! period I T5, T6 and T1 on

s >! Period II: T6, T1 and T2 on

Vi, —¢ Period III: T1, T2 and T3 on
A —— = =,/ PeriodIV: T2, T3 and T4 on

Period V: T3, T4 and T5 on

Period VI: T4, T5 and T6 on

>

<

I oM IV OV VI L IV

- e O oo e <P oy
< L] L} P« L} L | L] < P<

I
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4.2 Sguare wave operation

— Waveforms, phase voltage on load

Period I: T5, T6 and T1 on
4 R

+ ‘CR
V, n

~ B R
o——0—MA—

_ —1 —_2
Vin=Ven=3Vs Vg, =%V,

Period III: T1, T2 and T3 on

Period V: T3, T4 and TS5 on
B R

+ ‘CR
V, n

4 R
o——0—MA—

_ —1 —_2
Ve =Ven=3Vss Vi =%V,

Period II: T6, T1 and T2 on

A
O———AM—
+ C R
V, n
— B R

vAn:%V;U an:an:_%V;'

4 R
+ ‘ B R
V, n
— C R
Vn =Ven =3Vp> Ve, = =3V,
Period IV: T2, T3 and T4 on
B
o——o0—AMW—
+ C R
V, n
— A R
an :%V;” vAn :an :_%V;'

Period VI: T4, TS5 and T6 on

C
o——0—AW—
+ A4 R

14 n
—d‘BR

— —_1
Vio Viu=Vg,=—3V,

wro

an —




4.2 Sguare wave operation

— Waveforms, phase voltage on load

v 1 2V, " Note:
> 4 >t V,, lags V,,30°
Vy, lags V. 30°
v, | | v, lags V., 30°
>
Vcnlk
>

I M :Mmr:1rv:v:vi: 1 11 :1I: IV

P P> ¢—>

— > —>>




4.2 Sguare wave operation

— Analysis, line-to-line voltage

e rms value

/1 T 2
VLL,rms = ?J‘O det = \/;Vd = O816Vd

e Fourier series

— 4V, . nw . nxw . ¥
v(t)= D —Lsin——sin s1n(ncot+—}
n=135.. M7 2 3 6

:2\/§Vd sin| wf + 2= —lsin Sa)t+5—7z —lsin 7a)t+7—7r + ...
T 6 5 6 7 6

e rms value of fundamental component

243V 6
VABl,rms = \/; d/\/a ngd = 078Vd

e triple - order harmonics
1 4V, . 3« 1 4V, . 97

V = sin—=0, V. = sin— =0
AB3,rms \/5 372_ 3 AB9, \/5 972_ 3
e Other harmonics
1 4V, . 5«
V = 4 sin=—=0.156V
ABS5,rms \/5 572_ 3 d

17




4.2 Sguare wave operation

— Analysis, phase voltage

e rms value

L7 A NEAE: [V)Zﬂ 2 V,
Vo == [ vidt = ||| 2| 24| 22| 2| 22| 2= |2y, = 0471, =~
P T-[OO \/4(3)3 [3)3 3)3| \o* 3

e Fourier series

o0

v (0)= 2 il sin - sin " cos - sin neot = 2L[sin wt + lsinSa)t + lsin7a)t + )
w135, SNTT 2 3 6 T 5 7

e rms value of fundamental component
_ %/ﬁ - QVd = 0.45V,
T 7T

e triple - order harmonics

%

Anl,rms

VAn3,rms - O’ VAn9,rms - O
e Other harmonics
L2V 09y,

1% —
AnS5,rms \/E 572_

18




4.2 Sguare wave operation

— Analysis, harmonic equivalent circuit

Vavwms I, jnwl R
>V YL AANN\—
VBn®rms I, .. jroL "R
ne ’ . n
Vi morms Iy o JROL R
oO—>

Harmonic Equivalent circuit

e Fourier series of i,

nmam . nrxw

- S 4v,

sin — sin EY sin(nwt—06))

n=1,3,5,7... \/gn 7Z'\/R2 + (n C‘)L)z 2

L hoL

where 8, = tan

19




4.2 Sguare wave operation

— Load neutral voltage

Note: In practical
design, the neutral of
capacitors is not
grounded because of
the grounded three-
phase power supply.

_|_
'~

punoIn)

&~

Al
%
NL

Z\

~

Neutral point grounded three-phase inverter

v : voltage of load neutral respect to ground
v,: voltage of node 4 respect to ground
v, voltage of node B respect to ground

v voltage of node C respect to ground

20




4.2 Square wave operation

— Load neutral voltage

e frequency :

3 f,, where f, is fundamental frequency

Vi

peak - to - peak value: +

AN|—

¢ harmonic component :

¢ Triplen - order harmonics of v,

2Vd(. 1l . 1l .
v, =—"| sinwt +—sin 3wt +—sinSwt
7 3 5

W

Y
o
Y

+ lsin T + lsin 9a)t...]
[ 7 9

n
»

2V, (. 1 . 1 .
v, =—=| sinwt+—sinSwt +—sin7wt + ...
V4 5 7

s
N

] vn:& lsin3a)t+lsin%)t‘+Lsin15a)t+...
7 \3 9 15

I
AN
N

21




4.2 Sguare wave operation

— Load neutral voltage
Views 1, jnol R
7>

Iy, s JNOL "R

jnwl R

Harmonic Equivalent circuit

*Triple-order harmonic:

voltages are in phase. But no current path between node n and ground. Then the
voltage will be applied to the load neutral

*Other harmonics:

voltages are not in phase (120° lagging or leading). The three harmonic voltages

are three-phase balanced voltages, then load neutral voltage is zero.
22




4.2 Sguare wave operation

— Post analysis
* Question 1: How to change output frequency
« Answer: Adjust the period T of the gate signal
* Question 2: How to change V;; . 7
* Answer: Adjust dc link voltage V,

— Feature:
e Has low order harmonic, 5t 7t 13th 15th

* Voltage THD 1s high
— How to reduce the voltage THD? Use low pass filter (LPF)

 Suitable for high power application due to very low
switching frequency

e Usually, the multiple converters are connected with
phase shift transformer to reduce the harmonics.

23




4.3 Project 3

* Objective: use microprocessor to generate IGBT gate
signals for three-phase inverter
— Variable frequency:10-70Hz

— Square wave operation (with a fixed dc voltage — ac
output voltage 1s fixed)

» (Gate signals: three gate signals are to be generated.
Other three signals are obtained by logic inverters.

— v, and v,, are complimentary
— Vg3 and v, are complimentary

— Vg5 and v, are complimentary

24




4.2 Sguare wave operation

* (ate signal generation
use port A to generate the gate signals

port A

7161514

3
o I
oy o

vgl vg3 ng

b b L L] Interrunt reauest
| L LT T 1T eneratedby oc

1101 100110 010 011001 101 100 110

~dsla]s

‘< >'< > e > >




4.2 Sguare wave operation

 Interrupt Service Routine

Task

— Determine with gating pattern (1,2,3,...6) should
be used

— Send the gate signals (101, 100, ...) to port A

— Determine the time interval (“period”) for the next
interrupt

— Clear flag and return

26




4.2 Sguare wave operation

 How to determine the “period”

6
Period = L SeC = L fo.. . |#of E-clocck]|= 10 |# of E - clocck]
6 1 Jpl ’ 6 1
For example :
., 100 10°
/, =20Hz — Period = =0 8333[# of E - clocck]
X

1
where f, 1s fundamental frequency of output

27




4.2 Sguare wave operation

 How to change frequency
— Change period according to frequency
— Due to the slow uP, use look-up table to calculate

division
Table FDB 16667 (10Hz)
FDB 15152 (11Hz)
FDB 13889 (12Hz)
FDB 8333 (20Hz)

— You are required to develop the full table until
70Hz

28




4.3 Pulse Width Modulation

* Purpose of using PWM
— To make inverter output voltage adjustable
— To make inverter output frequency adjustable

— To eliminate low order harmonics

 Method

— Change the pulse width according to the
modulating waveform (sinusoidal, trapezoidal, et

al)

— Carrier waveform: triangular wave




4.3 Pulse Width Modulation

* Principle
— Half bridge inverter

T., T,—IGBTs, o 4 .

switching devices + C T D
1 1

D,, D, —Freewheeling & p_— g Ig A
diodes 2 R

C —dc filter capacitors O¢ MWV A4 2
(VSI) V+

V,—dc link voltage 7d __C g 2'|I§ A

R —load o—4 Tz. D,

30




4.3 Pulse Width Modulation

— Waveforms, gate signals

Note:

1) v, and v_, are complimentary
gl g2

(2) v,, 1s modulating wave (sine)

v, 1s carrier wave (triangular)

—_ < ¢c19

(3) When v, 2v, —v, =logic “I
— b (178 %24

v, <v, =V, =logic “0

(4) When v, =logic “1”"—T1

o L A A A T
40[ 1y T When v, =logic “0”"—T2
1= 11k 2e on—v,,=-V,/2
$ -—— > (Ul
| \\\\ ,”’Iﬁ
L il i 2

31




4.3 Pulse Width Modulation

— Terminology
e Amplitude modulation index (ratio) e Frequency modulation index (ratio)
m, = V;m m;, = J
v Jon

c

where V. is peak value of v, where f,, 1s frequency of v,

V._is peak value of v J. 18 trequency of v,

usuallyO<m, <1 usually m e 9
e How to find fundamental component?

use Fourier analysis

1 2r 1 2r .
a, = —J V,ocosnatdot and b, = —j Vo Sinnatd wt
7T 0 7T 0

e Fundamental freqgency?

Fundamental frequency = f,
32




4.3 Pulse Width Modulation

— Spectrum e Given:m, =0.8, m, =15, f, = 60Hz

Find spectrum of v ,,

<

498 10.8 0.818
O.SVd L 2 L 2
0.22 0.22
1] (11
1 131517 2729 3133

AssumeV, =100V,V =

v A
0L =0.8—>V,,, =0.8x0.5V, =0.8x0.5x100 =40V
0.5V, ’

N

VAOI . 40

AOI \/’ \/’

= 28.28V

33




4.3 Pulse Width Modulation

— Features

« No low order harmonics: in the example, no 314, 5t 7th,

Oth 11th order harmonics

* High order harmonics can be easily filtered out

Q

LC Filter

f T X s = Blocking harmonic current

—> X, \— Bypassing harmonic current

34




4.3 Pulse Width Modulation

— How to determine harmonic components
« Use table 8-1 on text page 207

* Note:
— f29, if mf<9, table 8-1 may not be used
— Based on half bridge inverter

h 0.2 0.4 0.6 0.8 1.0
1 0.2 0.4 0.6 0.8 1.0
ny 1.242 1.15 1.006 0.818 0.601
my+2 0.016 0.061 0.131 0.22 0.318
m,+4
2my+]
2m,=£3
2m+S

VAO,h

>0.57,

35




4.3 Pulse Width Modulation

— Conclusions

e The fundamental component is proportional to
amplitude modulation index ()

» The fundamental frequency 1s determine by the
frequency of modulating waveform (v,))
— Questions
* Q: How to change inverter output frequency?
* A: Change the frequency of v, (modulating frequency)
* Q: How to change inverter output voltage?
» A: Change the amplitude modulation index.

36




4.3 Pulse Width Modulation

— Example
e Given : Half bridge inverter, V, =300V, m, =0.8, m, =39, f, =47THz
Find : (1) V5 s =

(2) Dominant harmonics, m , —2,m,, m, + 2 (rms value)

Solution :
Check m, = 39 >9 — Table 8-1can be used

(1) fundamental component at m_, = 0.8

N

% 8x0.
101 08—V, = 0.8x0.5x300 _ ¢y g5v

0.5V, V2

37




4.3 Pulse Width Modulation

— Example
e Given : Half bridge inverter, V, =300V, m, =0.8, m, =39, f, =47THz
Find: (1) V51 s =?
(2) Dominant harmonics, m , —2,m ,, m, + 2 (rms value)

N

% 22 %0,
2)m, —2=37", 2403 —022 57, = 222x0-5x300 _ o5 5
0.5V, ’ NG
14 . .
m, = 39", 405 _0818> 7, =2818x0.5x300 40,
0.5V, ’ NG
14 . .
m,+2=41, 404 00y sy = 022X02X300_ 53
5V, ’ V2

2m, —1=T7", V,,,, =333
2m, +1=79", V,, ., =333

38




4.3 Pulse Width Modulation

— Over modulation

>

A 4 > a)t
R — 01
I
Vb - =
— (I
A 11 11 : |I 1
Vaol ! "' 1 iNo switching'
) ;I v
> ot
Va
E

~No switching

N

e Define : if m, :VA’" > 1

— over modulation

e Waveform
it m, >>1,

v, become a squarewave

39




4.3 Pulse Width Modulation

— Fundamental versus m,

N

VAO,I 4
0.5V,

Over modulation Square wave

\4
A

40




4.3 Pulse Width Modulation

— Drawback of over modulation

e Low order harmonic components start to appear

o

0.5V,
1.0

AO,h 4

Example:m,=2.5, m, =15

Lol

h
1 11 131517 19
\ ) f
Due to over mf

modulation

41




4.4 Single-phase full bridge inverter
with PWM operation

e Circuit diagram

P

O ® *—¢ —

+ Ti Dl ]-13 D3
g1"|§ A g3-llg A

v C A¢4— 1 1oad —4445

’ T4 D4 Tz Dz
g A gz"}gl A

oV { 1—4

42




4.4 Single-phase full bridge inverter
with PWM operation

* Waveforms, bipolar PWM

A A A 3 Note:
A
A \ A ‘ I}c (1) Vol and Vg are complimentary
‘ Y o o signals

vy, and v, are complimentary

I .
, .
; | nooW signals
Verr Vel IR 2)v, 2v. —v_=v_=logic “1”
o8 m—"c gl "g2 g
J— J— . N
— . U1 o V<V, DV =V, =logic “0
V .,V — — - .
o (3) When v, =v,,=logic “1”—T1 and
I 1! v I I I —wl 12 On_)vAB:Vd
! | I 11 |
A 1 1 1 1 1 .
Vag| | | I R When Vo1 =vg2=log1c “0”—T3 and
/,¢—r"~~f\. _IVd T4 on—v .=V,
I B . T =-1E-17 I Va

43




4.4 Single-phase full bridge inverter
with PWM operation

 How to determine harmonic components
— Use table 8-1 on text page 207

— Note:
Table 8-1 1s designed for half bridge inverter
Half bridge mverter: V,, , =V,
Full bridge inverter: V,, , =2V,

(Coefficients in Table 8-1) %2 for full bridge inverter

e Given: Full bridge inverter, bipolar PWM, V, =300V, m_ =0.8,
m, =39, f, =47THz
Flnd : (1) VABl,rms — ?

(2) Dominant harmonics, m , —2,m ,, m, + 2 (rms value)

44




4.4 Single-phase full bridge inverter
with PWM operation

« Example, bipolar PWM

Solution :
(1) Checkm, =39>9 — Table8-1can be used

fundamental component at m_, = 0.8

N

p 8x0.
81 _0gxy 5y, =08X0x300x2 400 4y
0.5V, ’

J2
y 22%0.
@)m, ~2=37", T =022x2 >V, = 0.22x0.5x300x2 _ 46 7

5V, V2

’
B3 _0818x2 5, = 0.818x0.5x300x2 _ .

5V, J2

p
ABAL 099 %0 V s = 0.22x0.5%x300x%x2 467

5V, J2

e

m, =39",

m, +2=41%,

45




4.4 Single-phase full bridge inverter
with PWM operation

* Waveforms, unipolar PWM

Note:
(l)vmzvc _)vgl :loglc “1”,vg4:10gic ccO”

— . (172 %2 — . ¢e19
v, <V, =V, =logic “07,v ,=logic “1

J— < ¢¢19 I . ceNd
v, 2V, 2V =logic “17,v,=logic “0

— . 178 %2 — . ¢e19
v, <V, 2V =logic “07,v,,=logic “1

| T
vgl i L L 1 1! I : |
11 ': :: : ! _ _ P, 6619
‘: :‘ ‘: : H ¥ ‘ ‘. :‘ » (2) vgl—vg3—_log1c 1”—TI and T3
: : - IR on—v, ;=0
] :

.1 = Vg3 —logic “0”"—T4 and T2
on—v =0

v, =logic “1” and v ;=logic
“0”—T1 and T2 on—v =V,

v, =logic “0” and v ;=logic
“1”—>T4 and T3 on—v ,=-V,
46




4.4 Single-phase full bridge inverter
with PWM operation

* Spectrum for unipolar PWM

V’\ A

22210.8

Vd L 4
| 1 I L | ! . 7
1 m; / 2mf
, me—l 2mf+1
Bipolar PWM
Dominant harmonics: m,, m +2, m+4
Unipolar PWM

Dominant harmonics: 2mfi1, 2mfi3

47




4.4 Single-phase full bridge inverter
with PWM operation

* Example, unipolar PWM

e Given: Full bridge inverter, unipolar PWM, V, =300V, m_,6 = 0.8,
m, =38, f, =47Hz

Flnd : (1) VABl,rms = ?
(2) Dominant harmonics, 2m , + 1,2m, + 3 (rms value)

(3) THD (consider 4 dominant harmonics only)

Solution :
(1) Checkm, =38>9 — Table 8-1can be used

fundamental component at m, = 0.8

Vs 0.8x0.5% 300 x 2

—08x2 >V, = =169.7V
0.5V, A5 J2

48




4.4 Single-phase full bridge inverter
with PWM operation

« Example, unipolar PWM
(2) Four dominant harmonics, 2m , —3 = 73"(3431Hz), 2m, —1= 75"(3525Hz),
2m, +1="77"(3619Hz), 2m, +3 = 79" (3713Hz)

2m, ~3="T73", ZA;;: —0.139x2 >V 1, = 0'139XO\'%X 30032 _ 595
2m, —1=75", VA;?;S —0.314x2 >V 1 = 0‘314X0\‘%X 300x2 _ 666
d
2m, +1=77", ?g; =0314x2 >V, = 0'314X0\'/5§X 3902 _ 66.6
Va
2m, +3:79fd,@=0.139x2—>1//13,79 _ 0:139%0.5x300%2 _ 5
0.5V, V2

BV sgms = AV s +V gy Vi as Vi +V 2y 2 = V169,72 +29.57 +66.6* +66.6* +29.5°

2

THD = \/VAB,rms B VAzB,l _ \/198.52 —~169.7°
Visa 169.7

=0.61

=198.5V
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4.4 Single-phase full bridge inverter
with PWM operation

 Summary
— Table 8-1 can be used for
(1) Single-phase half bridge inverter

(2) Single-phase full bridge inverter with bipolar
PWM

Note: coefficientx2, dominant harmonics: Mg My
+2, m, 44

(3) Single-phase full bridge inverter with unipolar
PWM

Note: coefficientx2, dominant harmonics: 2m,+1,
meﬂ:3
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4.5 Three-phase inverter with PWM
operation

e Circuit diagram
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4.5 Three-phase inverter with PWM
operation

e Wavetorms Note:

(1) Modulating waves: three-phase sine
waves (v, 4, V,.z0 Vo) With
adjustable amplitude and frequency

(2) Carrier wave: triangular wave, fixed
amplitude, frequency may be
adjusted, depends on applications

3) v, 2v. =Tl on—v, =V,

V<V, —T4 on—v AN=O

v, and v, are complementary

wt vy and v,q are complementary
A
Vs Yasi (3) v, c2v. =T5 on—ve =V,
wt _

v,s and v, are complementary
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4.5 Three-phase inverter with
PWM operation

e Spectrum

Va

1.0
0.8
0.6
0.4
0.2

|

0

ma = 08. Mf = 15

“xlll‘x”xlTlTlx_”xleTfl » h
mg 2mf\\ 3m[\

Harmonics of f;

No low order harmonic
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4.5 Three-phase inverter with PWM
operation

— How to determine harmonic components
« Use table 8-2 on text page 228

h 02 0.4 0.6 0.8 1.0

I 0.122 | 0245 | 0367 | 049 | 0612

rms value!

m+2 | 0010 | 0037 | 0080 | 0135 | 0.195

m, 4 - - - 0.005 | 0.011 VLL/,h

2mEl | 0116 0.2 0227 | 0192 | o1l | > ¥,
2m,£5 - - - 0.008 | 0.020

3my+2

3m,+4
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4.5 Three-phase inverter with PWM
operation

« Example
e Given: Three - phase PWM inverter, V, =240V, m_ =1,
m, =21, f, =100Hz
Find : (1) rms value of the fundamental line - to - line voltage
(2) rms value of 4100Hz and 4300Hz harmonic voltage

Solution :
(1) Usetable8-2

fundamental component at m_, =1

VLL,]

Vd

=0.612>V,,, =0.612x240 =146.9V

7
(2) 4100HZIh:%:41:2mf_1_) LL,41

=0.111>V,, ,, =0.111x240 = 26.4V

d

V
43OOHZ :h = % = 43 — 2mf _|_1 — LL,43

=0.11157,, , =0.111x240 =26.4V
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4.6 PWM Signhal Generation

* Analog circuit

Features:

« Simple circuit and low cost

Comparator « Sensitive to the noise

Control
wave IQU'

\ 4

wave

Synchronous PWM:

The triangular waveform is

\ 4

_|_

synchronized with the sine wave

Gate signal for
”| | ‘” top device

—[>O—> I IM Gate signal for

bottom device

Logic inverter

Asynchronous PWM:

The triangular waveform is NOT
synchronized with the sine wave

Producing “sub-harmonics”: the
frequency of the harmonic is not
integer times of fundamental
frequency.
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4.6 PWM Signhal Generation

* Digital circuit =~

In the interrupt service routine, CPU write the
data of sine wave to the compare register

/—N Compare || Buffer

\N— register register _|—> +

Digital comparator

Processor \{_}/

% T _
< J’
2l
(D . .
E A—\ Counter || Digital
= \{_}/ control counter
<
Advantages: || Triangular wave is generated by hardware
« Stable, very robust to the noise automatically.

 Easy to be controlled by CPU/DSP

» Reduce the load of CPU/DSP
Disadvantages:

» Expensive hardware

 High frequency counter

CPU can control the frequency and the
magnitude.

Every time when the triangular wave reaches
the maximum or minimum value, a interrupt

will be generated----------=-=-=: === = :




4.6 PWM Signhal Generation

e Software

Interrupt request

l Digital comparator

OCl1 1\

Processor \{_}/

1 1L

v /

E

: r

5 TCNT Advantages:

= » Software, less hardware

|| « Stable, very robust to the noise

 Easy to be controlled by CPU/DSP
Disadvantages:

TCNT: Free running counter e Increase the calculation load of
OC1: output compare register #1 CPU/DSP
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4.6 PWM Signhal Generation

* Software e use v to approximate

y (sine) Va(Stair) v for simplicity

e I’ —sample period

o7, :%[lera sin 4, |

' : : : Ts -7
I t t Tg :TP Tg : : Tg = 2 -
nterrup : :
eequest || - 111 L 1]
Hk 0k+1 0k+2

0., =0, +A0
A0 =w- At
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4.6 PWM Signhal Generation

* Software programming

— At ¢, the number 1n free running counter (TCNT) matches
the number of the output compare register (OC1), an
interrupt request will be made.

— Interrupt service routine
« Determine the type of interval (gap, or pulse)

 Set the output pin to logic “0” for gap interval or logic “1”” for pulse
interval.

 Calculate the time interval for following T period
 Clear the interrupt flag and return

— If the calculation in the interrupt service routine can not be

completed during 7, the program will crash. What shall we
do?
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4.7 Selected Harmonic Elimination
Techniques (SHE)

e Purpose:

Waveforms
VAD
V2
J Notch, Notchy Notchy Fundamental
1.0 l 1 B ‘[ )
- T ~d
-~
P 4.\
N : 1 i \{21’
. x il 13X
N 2 - i \\
‘\\ vy
Rane T d
-1.0 czl_r:zg a3 {r — a3 1?;63 ay) -
T+
(r — a2) T
NOtChd

— To eliminate a number of unwanted low order harmonics
— To control the fundamental output voltage

Notehs

NOtChE,

03
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4.7 Selected Harmonic Elimination
Techniques (SHE)

e Waveforms

— Three independent switching angles: o, a.,,, and o,

Given o, a,, and a, the other switching angles are determined due
to symmetrical

— a4, 0, and a; are used to
Eliminate two harmonics (usually 5% and 7%), and

*To control the fundamental output voltage

— 0,4, O, and o; should be pre-calculated (offline
calculation)

Use numerical iteration methods to solve a set of nonlinear equations.
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4.7 Selected Harmonic Elimination
Techniques (SHE)

e (alculations results

Example:

At 50% of maximum fundamental
voltage, a,=22°, a,,=36° and a,;=52°.

* Microprocessor programming

—Use look-up table

fundamental | o, | a, | a,
1% 29.2° | 30.3° | 59.5°
2% 29.6° | 30.8° | 59.1°
3%
4%

Notch angles in degrees

10

0
0

22.06°

16.24°

] | i ]

20 40 60 80 100

Fundamental as a percentage of
maximum fundamental voltage
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4.8 Delta Modulation

* Block diagram

Three-phase inverter

g r
e |

O » Controller

-[>O§f|

i, reference current (phase A)

i_,actual inverter output current (phase A)

Ai , error signal (phase A)
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4.8 Delta Modulation

e Waveforms Upper band limit (UBL)

// \/
A A1-Y~1 b l'*
/ AL T a .
I .
r’ I(’: | : : l, ,
I///| 1 : : : /A a)t
I I | \ /
[ : " \ 171
I :|{ N e 11
I T T A [
Pt ' ::lL 1, : I::
Lower band limit (LBL) !t 1 11~ -¥+ ' :::
L o
[ L L T T B B
L Py ey Pt
L : ,' (I I T : Pt
v I ,: I :"I by, bt
gl I |H|||| P gt
tl t2

Note:

(1) Assume v, ="1"—T,
on—i,1 until ¢,

(2) At¢,, i, reaches the UBL
_>Vg1:“O” _)Vg4:“1”_)T4
on—i, | until 7,

(3) Att,, i, reaches the LBL
_>Vg1:“1” _)Vg4:“()”_)T1
on—1i_J

As a result, the actual current i, will be kept within the

upper and lower band limits
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4.8 Delta Modulation

e Q&A
— Q: How to adjust the frequency of i ,?
— A: Adjust the frequency of reference current
— Q: How to adjust the magnitude of i ?
— A: Adjust the magnitude of reference current
— Q: What 1f the band width 1s reduces?

— A: i will follow reference current more closely. But
switching frequency?
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4.8 Delta Modulation

e Summary

— If reference current 1s sine wave, actual current 1s
also sine wave on which some high order
harmonics are superimposed. High order
harmonics can be filtered out easily.

— No low order harmonics.

— Inverter output current can be accurately
controlled.
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4.8 Delta Modulation

e Implementation

o]

R6
N
OP2 Logic
\ ‘ Qlffer Ve

ﬁgic

Inverter V1

RI=R2=R3=R4 =R

_ Band Width
2 A

Y

[
>

Band Width
2
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Summary

Voltage source inverter, Topologies
— Single-phase inverters
» Half-bridge inverter
 Full-bridge (H-Bridge) inverter
— Three-phase inverters
Gating patterns
— Square wave operation
— Pulse width modulation (PWM)
— Selected harmonic elimination (SHE)
— Delta modulation

Harmonics
— Fourier series
— Harmonic components, table 8-1 and 8-2
— Dominant harmonic component
Waveforms
— Qate signals
— Voltage waveforms
Signal generation
— Analog circuit
— Digital circuit
— Microprocessor
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