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Outline

= Harmonics

= DC-AC switching inverters 2
= Harmonics

= Gate drive supply — Boot strapping
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Steady state voltages and currents

« Assume repeating waveform

 Ignore startup sequence (steady state)
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Fourier series

Non-sinusoidal repeated signal with angular frequency omega, w;

Joseph Fourier

F(O) =Fot 3 ful®) =
h=1

1 (0]
= an + Z {ahCOS(h(Dlt) + thin(hwlt)}
h=1

2Tt

a, = %{ f(t)cos(hw t)d(w t),h =0,...,00

1 2T
bh — Ef f(t)Sln(hwlt)d(wlt), h — 1’ et o0 Jean-Baptiste Joseph Fourier (see list)
0

Born 21 March 1768 Fourier number
Auxerre, Burgundy, Kingdom Fourier series
of France (now in Yonne, Fourier transform
France) Fourier's law of conduction
Died 16 May 1830 (aged 62) Fourier—Maotzkin elimination
Paris, Kingdom of France Greenhouse effect
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Even function  f(—0 = A

1 1 1 1
cos(wt) +§cos(2wt) + gcos(Ba)t) +Zcos(4a)t) +§cos(5a)t)
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Odd function f(—=1 = =fl)

1 1 1 1
sin(wt) +Esin(2wt) + gsin(Bwt) +Zsin(4a)t) +§sin(5a)t)
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Half-wave symmetry ro = -s¢ + I

1 1 1 1
sin(wt) + cos(wt) +§Sin(3wt) + §cos(3wt) +§sin(5wt) +§cos(5wt)
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Even function, half-wave symmetry

= Even quarter-wave

1 1
cos(wt) + 3 cos(3wt) + T cos(5wt)
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Odd function, half-wave symmetry
= 0Odd quarter-wave

1

1 1
sin(wt) + 3 sin(3wt) + =sin(5wt)
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1 co
f(t) = > o + ¥ {ajcos(hw,t) + bysin(hw,t)}
h=1
Table 3-1 Use of Symmetry in Fourier Analysis
Symmetry Condition Required a, and b,
Even f(=n = fo

b, =0 a, = %rf(:)cos(hmr) d(wt)
0
Odd f(=1 = —f)

2 (=
a =0 by, ;L f(O)sin(hwi) d(wr)
Half-wave f® = —-fe¢ + %-‘r) a, = b, = 0 for even h

a, = % J:’ (1) cos(hwt) d(wt) for odd h

b, = % L" f(Hsin(hwt) d(wr) for odd h

Even Even and half-wave b, =0 forallh
quarter-wave (4 (a2
)= J' Ft)cos(hwt) d(wt) for odd h
a, = ‘{ ™ 0
0 for even h
o
QOdd QOdd and half-wave a,=0 forall h
quarter-wave [

% f ™ f(o)sin(hor) d(wr) for odd h
0

0 for even h

“
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3 3 For the waveforms in Fig. P3-3, calculate their RMS values of the
fundamental and the harmonic frequency components.
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Total RMS incl harmonics

o i5(t) = is1(t) + Xh=2 isn(t)

1 T, .
.l = \/TT (M i2(0)dt = J131+ yn_ 2 J1521+1523+135

* (All cross-product terms, i ; * i¢p,igq * ig3=0)
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3-4

In the waveforms of Fig. P3-3 of Problem 3-3, A =10 and u = 20° (y; = u,
= u/2), where applicable. Calculate their total rms values as follows:

a) By using the results of Problem 3-3 in Eq. 3-28.

fe 2r - - —_
n T
2 2 4
Iy = |Ig + 2 I, (@ 00— ¢ - ¥ > Wt
— A
\ h=2 L !
! | B
| j‘ r l
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Line current distortion

= Non-sinusoidal currents may give distortion on utility-supply
voltage.

= Assume purely sinusoidal current at fundamental frequency
{grundton}

= Input current is sum of a fundamental plus harmonics
{Overtoner}

- is(t) = isl(t) + z Lsh (t)

h+1

= Distortion part is the harmonics (excluding fundamental). In

RMS form
Idisz\/< Iszh>
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THD, Total Harmonic Distortion

= Distortion on a current waveform

Idis _ \/Zh:q(lsh)z

Isl Isl

THD; =

= Energy in the harmonics compared to the fundamental
= THD can be larger than 1. (> 100%)
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Single phase rectifier, input current

Fourier analysis gives additional harmonic components

Remember calculation uses RMS of I, I; and |4

2
I = Ex/ild = 0.9,

> ot
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I, = 0 for even harmonics

Iy
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Half-bridge (2-level) converter
* DC-side midpoint '0' N V4

reference point for ac-output iy Vor =Ma~
——
« Output voltage, v,,, N ! T
. E + T
switched between + - v, &c, +/ z&u,, |
and —% 2 A .
+
« 4 possible switch states: Y« T _ Ve
o
+
T_ D_
Off Off vy defbyi, 24T C-
io>0: Vgo = -Vd/2 - ! - . 1
i,<0: vy = +V,/2 N
On Off vAO = +Vd/2 ‘_ - “ ll _ _./”:u h:nd.ln':mml = {”An:'l- —
Off On vAO = —Vd/2 '_#.-""4' h -""'-‘H {/ H L;i
On On Short circuit. ofef ‘“\H J_f—'—'*
Forbidden state “Ho ' _Ezd
5 S L (O O | e AN
| R T R -
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PWM switching scheme, half-bridge

= Constant f, | Yootral i

=  Amplitude modulation
ratio

=  Frequency modulation 440 ; 1 ] 1 N[.TF
. .T' -.'\‘ Vd
ratio (pulse number) g K

I
f Y

my =2 | | N _ -V,

Yoontrol < vy } — i__
Ta-:0on Ty, off
A A+ ,— Veontral > uyy)

LINKOPING { }
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PWM modulation harmonics

= Harmonics as sidebands around multiples
of switching frequency

A for
(Vach
Vg2

4

121
1.0
0.8
0.6
0.4
0.2

r < i I I i T X f I 1 ] [ i .{,_] :I; I I ] ¥ i
%95 mp X ‘ 2mp N ' AN
(my + 2Z) (Ems + 1) (3my + 2}

Harmonics hof f; —=

my =08 m;=15

T T T 1
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Harmonics in half-bridge vs. m_, and m>9

= For m;< 9 harmonics
is almost independent

of m;

= Choose m; odd integer

= Table data for half-bridge
(VO)h

Vd /2

Odd symmetry

Half-wave
symmetry

Only odd harmonics
Even harmonics =0

With v, = V, sin wt
all harmonics sin hwt

Table 8-1 Generalized Harmonics of v, for a Large m,.

21

mﬂ
h 0.2

LINKOPING
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0.4 0.6 0.8 1.0
1 0.2 0.4 0.6 0.8 1.0
Fundamental
me 1.242 1.15 1.006 0.818 0.601
me* 2 0.016 0.061 0.131 0.220 0.318
m.* 4 0.018
2m, * 1 0.190 0.326 0.370 0.314 0.181
2m, * 3 0.024 0.071 0.139 0.212
2m;x 5 0.013 0.033
3m, 0.335 0.123 0.083 0.171  0.113
3m, + 2 0.044 0.139 0.203 0.176 0.062
3m,* 4 0.012 0.047 0.104 0.157
3m,*+ 6 0.016 0.044
4mf +1 0.163 0.157 0.008 0.105 0.068
4m, + 3 0.012 0.070 0.132 0.115 0.009
dm, + 5 0.034 0.084 0.119
dm, x 7 0.017 0.050

Note: (Vao)n/3Va [= (Van)a/3Val is tabulated as a function of m,.
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Over-modulation Wl

|
4
u ma>1 -
_ (=1.278)f —————
= |ncreased harmonics f
with over-modulation |
1.0~— |
|
|
|
. |
(VAo)kf(“éﬁ) :
4
|
f I
10k m?jﬁ;“m--i-—Squarg—wavq
|
m, = 25 }
05} mr =10 !
|
0 | > m
0 10 3.24 “
o l [ 1 ¥ T I [t ¢ ¢ ¥ 4 armonic A (for mg = 15)
1 3 5 7 9 11 13 15 17 19 21 23 25 27

(mp
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Full-bridge (3-level) converter

=  Maximum output voltage

doubled compared to half- td
bridge inverter + + T 1
" No need for midpoint voltage = 1’24 /TA+ N Dy,
- 44
Off Off Off Off Output Ve &
isolated. +
Unless v, >V, LV / AD
- A~
by external f Ta-
source I —di
On Off On Off v,=0 Var
On Off Off On v =+V, - v [|H .
o £

Off On On Off v =-V,

(0}

Off On Off On v, =0

On On x X Short circuit,
on Forbidden

~andEA A~
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Harmonics in full-bridge vs. m, and m2>9

= Form;<9 harmonics
is almost independent

of m;

= Choose m; odd integer

= Table data for full-bridge

(Vo),

Odd symmetry

Half-wave
symmetry

Only odd harmonics
Even harmonics =0

With v, = ¥, sin wt
all harmonics sin hwt

Table 8-1 Generalized Harmonics of v, for a Large m,.

mﬂ
N 0.2 0.4 0.6 0.8 1.0

LINKOPING
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1 0.2 0.4 0.6 0.8 1.0

Fundamental

me 1.242 1.15 1.006 0.818 0.601
me* 2 0.016 0.061 0.131 0.220 0.318
m.* 4 0.018
2m, * 1 0.190 0.326 0.370 0.314 0.181
2m, * 3 0.024 0.071 0.139 0.212
2m;x 5 0.013 0.033
3m, 0.335 0.123 0.083 0.171  0.113
3m, + 2 0.044 0.139 0.203 0.176 0.062
3m,* 4 0.012 0.047 0.104 0.157
3m,*+ 6 0.016 0.044
4mf +1 0.163 0.157 0.008 0.105 0.068
4m, + 3 0.012 0.070 0.132 0.115 0.009
dm, + 5 0.034 0.084 0.119
dm, x 7 0.017 0.050

Note: (Vao)n/3Va [= (Van)a/3Val is tabulated as a function of m,.
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PWM switching strategies, full-bridge

* Fundamental output
‘701 =mgVy
= Bipolar voltage switching
= Only two switching states

used giving output voltage:

= Unipolar switching

Uy

(= van — ven)

= All four switching states
used giving output voltage:
+V,, 0 or -V,

]
]
\

.

]

]

_

|
———

o
K

"“”—.
X

L
|
N

Vil

0

-Vﬂ —
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PWM bipolar switching

= Bipolar voltage switching
= Both pairs (TA+, TB-) and (TA-, TB+) controlled simultaneous

Uy [

. . . . ] | | Vg
= 2 possible switch configurations |~ —Ann T -T
' + \
- Ny 4
1- TA+ On, TB_ on: VO=VA'VB = +Vd 0{’ ‘..*‘ v " | 3= I
e L] L
2. Ty 0n, Ty, 0NV =V,a-Vy = -V, - ’ ]
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PWM bipolar switching

= Bipolar voltage switching
= Both pairs (TA+, TB-) and (TA-, TB+) controlled simultaneous

Uy [

. . . . ] [ Us
= 2 possible switch configurations |~ —Ann T -T
' + \
d Ny ¢
1. Ta,on, Tg on: v, =v,-vg = +V, ok ML y .
1l L1 -
2. T, on,Tg, 0NV =V,-vg =-V, - il |
dd,
l .
+ +
Ya T 11) & Dp
2 A+ A+ ? ?+ + )
‘O
- A —
¢ + ‘|\- T
Va (o 2| U = Vg — UBo
e
==z % AD AD
P 2 7A— A- TB- B -
S S |
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PWM bipolar switching

= Both legs switch at the
same time

m,<1.0

A~

Vo1 =mgVy

m,> 1.0

4
Va < Vo1 < —Va

II LINKOPING
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Vcontrol
Utri

iy
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I ¥
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1
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-
Lo fa)
Vg |
A | Va1
e B — o= -‘ n 'I u -1 — 1
I’ "‘l\ 'pd-
'd T4
of- . -
‘("..\ ,l"/ - Va
]- e - |

&)
Figure 8-12 PWM with bipolar voltage switching.
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PWM bipolar switching harmonics

= Harmonics as sidebands around multiples
of switching frequency

(VAO)h rof
Va

1.2
1.0
0.8
0.6
0.4

1]
j i ke X f I 1 ] [ 5 :I; I I ] I i
0.0 sl i 1 X .{._]
1 mp X 2mp N AN
{my + 2) (2mg + 1) (3my + 2)

Harmonics hof f; —=

my =08 m;=15

—r 1 T T 1
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Unipolar (3-level) voltage switching, positive half-cycle

=Switches in each inverter leg (A and B) are controlled
iIndependently of the other leg

1. Tp,on, Tg,oniv =v,-v; =0 Ve

‘ TA+ Onl TB_ on: VO=VA-VB = +Vd (= van = vay

2
3. Tyon, Tg on: v =v,-vg=0
4

. TA_ On, TB+ on: V0=VA-VB = _Vd

LINKOPING
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Unipolar (3-level) voltage switching, positive half-cycle

=Switches in each inverter leg (A and B) are controlled
iIndependently of the other leg

1. Ty,on, Tg,0on: v =v,-vg =0 Ve

. Tp,0n, Tg 0NV =V, -Vg = +V ) (= van - onw

2
3. Tyon, Tg on: v =v,-vg=0
4

. TA_ On, TB+ on: V0=VA-VB = _Vd
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Unipolar (3-level) voltage switching, negative half-cycle

=Switches in each inverter leg (A and B) are controlled
iIndependently of the other leg

1. Ty,on, Tg,0on: v =v,-vg =0 Vel

. Tap0n, Tg ON:V =Va-Vg = +V (= vaw - v
0

2
3. Ty.on, Tg on:v =v,-vg =0
4

. TA_ On, TB+ On: V0=VA-VB = _Vd _le_
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Unipolar (3-level) voltage switching, negative half-cycle

=Switches in each inverter leg (A and B) are controlled
iIndependently of the other leg

1. TA+ On, TB+ On: VO=VA-VB = O Vel

‘ TA+ Onl TB_ on: VO=VA-VB = +Vd (= van = van
o

2
3. Tyon, Tg on: v =v,-vg=0
4

. Tp.on, Ty, 0NV =V,-vg = -V,

ot
® > —r
+ +
<.V
== —éd /TA.,. K Dy s / "o+ Dg 4
[}
- A l —
h—-‘-‘——— e ——— = ———
Vg cLo )| Uo = VAo — VBo
L 4
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Unipolar PWM-contro

One leg controlled

L5 — Va
by Veontrol* VAN = Mg Py 0
Other leg controlled

by Veontrol: VBN = Mg

Va Tana.q
2

{—Veontrol) > viri  Yeontrol = Vi

Output voltage, the  — T
difference between A and B . -“ |_| H H N ” H { T

Vo = Uan — VBN 0

The fundamental A -

component adds oN ” H H
Vol = mgVg

Some harmonic voltages v,k

cancel out Vo H 1|] :":“:H:H L
(= van = vpN) 'l N v
0 L r & -
LINKOPING n
II.“ UNIVERSITY -V WHHUUM
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PWM unipolar switching harmonics

= Harmonics at twice the switching frequency
= m, even makes switching frequency harmonic cancel out

E}

10}
08|
06
04F

02
" ] 'y |fT|T]|[ 1k L x ¥ f.F ¢ L Y
1 mg - fEm;'\ 3my Amg
(2mp = 1) (2my + 1) {harmonics of ;)
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Ripple in single-phase inverter output

= Assume induction-motor load
= Counter electromotive force (emf) e,

_ . Induction-motor load
Single-phase UL =VL1 * Vripple

inverter ] F——te————
iy I

- +

e, = V2 E,sin oyt
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Ripple in single-phase inverter output, cont.

= Superposition gives fl . WLl _
two circuits N L A
1. Fundamental frequency U1 ,9 ¢, = V2 E, sin ayt
components ~
Vo1 -
aﬁmlm Iy =V
ED
b1

2. All switching voltage
harmonics (V) across L7NO *
switching voltage harmonics Uripple
in the output voltage -
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Exercise 8-100 m
— h ZX pr M
* In a half-bridge converter with Uy=2 V and ;
L = 2 mH switching is done with m,=0.8 m
and m=5 f + +
Uv Uac
*  u,(t) = 0.8sin(2m50t) - - - -
a) Construct graphically the output voltage — s /\p2
and current, u, and i,. Assume i,(0)=0. =
_ dij,
v,
Ai, = % At

b) Determine the largest harmonic
current component. (Use table of
harmonics in U,)

c¢) Estimate the current ripple N
magnitude from the largest voltage ( h ) _ (VAN ) ho (Uacn
harmonic v T howl

II LINKOPING
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Harmonics in PWM vs. m_ and m>9

= For m;< 9 harmonics
is almost independent

of m;

= Choose m; odd integer

= Table data for half-bridge
(%),

Vd /2

Odd symmetry

Half-wave
symmetry

Only odd harmonics
Even harmonics =0

With v, = V, sin wt
all harmonics sin hwt

Table 8-1 Generalized Harmonics of v, for a Large m,.

39

mﬂ
h 0.2
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0.4 0.6 0.8 1.0
1 0.2 0.4 0.6 0.8 1.0
Fundamental
me 1.242 1.15 1.006 0.818 0.601
me* 2 0.016 0.061 0.131 0.220 0.318
m.* 4 0.018
2m, * 1 0.190 0.326 0.370 0.314 0.181
2m, * 3 0.024 0.071 0.139 0.212
2m; x5 0.013 0.033
3m, 0.335 0.123 0.083 0.171  0.113
3m, + 2 0.044 0.139 0.203 0.176 0.062
3m,* 4 0.012 0.047 0.104 0.157
3m,*+ 6 0.016 0.044
4!?5, +1 0.163 0.157 0.008 0.105 0.068
4m, + 3 0.012 0.070 0.132 0.115 0.009
dm,+ 5 0.034 0.084 0.119
dm, x 7 0.017 0.050

Note: (Vao)n/3Va [= (Van)a/3Val is tabulated as a function of m,.
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Electrical isolation of drive circuit

= V,— potential

Varies With inpUt # Isolated auxiliary
vs(t) relative to +_ fve Gircurs
safety ground
= Signal isolation }g )g —Y
. igi 2 ba;ere . D N
to base drive \T S LY AN
. . + F d Logic and i £
circuit necessary o L° ppoomrat (—— :
. * | _.|§;fl§$iilm giie —ET_ I\ ;.
Control o T
% ? Inputs
—t Safety
= Ground
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Bootstraping
5: Bootstrap discharge

Vin prevented by diode

3: Boot strap

charge 4: Q1 switching

can start f}) o TDS

1

|

2: Boot strap circuit
connected to ground

1: Q2 turn-on v

42
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