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Suitable Filter Structures

For signal filters simple RC are
commonly used

Q)
Q)

)

Attenuation only 20dB/decade
Full current through R — Losses !

With  a LC structure we get
40dB/decade

Q)
Q)

There is a high resonance

Series damping in order to overcome
the resonance problem

‘)
Q)

)

Full current through R — Losses!

Parallel damping in order to overcome
the resonance problem

) <)
Q)

Full voltage across R — Losses!
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Suitable Filter Structures

+—
)

90 damping
Resonance can be damped
Reasonable losses
_ For better attenuation 2 LC stages are
vV necessary

Again high resonance

RC damping after first stage

;\v Resonance ok
High losses in RC damping due to high
ripple currents
4" order lowpass filter with parallel RC-
) damping after second stage
N’

Resonance can be damped
Reasonable losses
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H-Bridge
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H-Bridge with CM filter
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2nd order filter - Transferfunction

Z(s)

_ RDCDS +1
B ClRDCDSZ + (Cl + CD)S

G(s) =

G(s)

40 Rotoo 1

v (s)  Lis+Z(s) - L;C;RpCps3 + L, (Cy + Cp)s? @ 1

vy(s)

(1)

1st order PD

k3S3 + szZ + k1$ +1

W|th kl = RDCD
ky = L1(Cy + Cp)

k3 = L1C1RDCD

[3“’ order PT ]
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2nd order filter - Transferfunction

1
3 order PT in its Gpr(s) = . . 2 (2)
normalized form: 1+a w—o) (1+a, @ + by w—oz)
Method ai az b
Butterworth 1.0000 1.0000 1.0000
Bessel 0.7560 0.9996 04772
Critical damping | 0.5098 1.0197 0.2599
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2nd order filter - Transferfunction

By expanding (2) and comparing the coefficients with (1) we get:

1
Gpr(s) =
Uzbgz $3 4 (a1a£ '|2' b,) §2 4 (alcjaZ) s11
0 0 0
aq + a,
ki =RpCp = (3a)
Wy
a,a, + b,
ky =L,(Cy + Cp) =——— (3b)
Wo
a, b,
k3 = L1C1RDCD == F (30)

0

The 3 independent equations (3a....3c) contain 5 unknowns (L,, C;, Rp, Cp and
wy). Therefore we have the choice to select 2 of them and the remaining 3 depend
on that selection.
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2"d order filter - Selection of w,

For a given frequency wg well in the blocking area (wg >> w,) we can define the
desired attenuation Gg. In the blocking area the highest order terms of both the nu-
merator and denominator in equation (1) dominate, therefore (1) can be simplified to:

a, +a,
RpC S + 2 + 2
_ plpS Wy _ ;T4 Wom 4 T4y Wo
5 = — — - _ .
L;CRpCps? al_b253 a;b,  s? a;b, wg?
0)03 l
(? =1
_ . |GB| ' albz (4)
Wo = Wp o ta
a;  a
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2"d order filter - Definition of L,

i, L A
W
For cost reasons L, should T A
be as small as possible,
but a too small inductance = AN G
will result in an excessive
ripple current! Vog Ve t
o s o i

The DC-voltage across C, is m*V.. When the IGBT is on, the current in L, increases
and the peak-peak ripple current Al , can be calculated:

dijq Maximum 0.25
VL1=L1'7=VDC_V61:VDC'(l_m) [form=0.5 ]
ALy B 1 Vo (A—m) _Vpe-(@=—m)-m]

L1 dt 2 L, fs L4
VDC - 025
fs Al
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2" order filter - Definition of L,

Alternative approach to determine L;:

L,
V1_ripple_pp —

I11 rippie pp = 2T frivole” Lt
ripple
c | Ro
L. — V1 _ripple_pp —_—
17 9. 1. Frivote” 111 ri (6) V
ripple 1L1_ripple_pp V, 2
Co ‘
®
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2"d order filter — Calcualting filter elements

Substitute (3a) in (3c) and we receive:

Selection: L; and w, Selection: C, and w, Selection: L, and C,
a, b, a, b, a b,
G = 7a L = 7b = 7cC
' Liwo?(aq + ap) (7a) ' Gwe(ag + ap) (70) o LiCi(ay + az) (7¢)

aa, + bz
Solve (3b) for Cp: (p=——5—-0( (8)
Liwy
aq + a,
Solve (3a) for Rp: Rp =— (9)
pWo
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2"d order filter — Example 1

-4 S VAN

* DC-link voltage: 200V

* DC-link current: 500A

* Al <50App.

* C, must be 2 22mF (because of high ripple current)

Design a 2" order filter for all three given optimization methods and compare the results.
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2"d order filter — Example 1

Select L, to meet the ripple Ly =5— vl_rim.jle_pp (6)
current requirement: ™+ Jrippte " L1 rivpte oo
=3 -;2-03?0.02}3 ??(D)pr = S00uH
Select C1: C; = 22mF
Calculate the remaining (7¢, 8, 9)

filter elements
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2"d order filter — Example 1

Results:
Butterworth Bessel Critical damping
a: = 1.0000 a; = 0.7560 a; = 0.5098
a; = 1.0000 a; = 0.9996 a=1.0197
b, = 1.0000 b, = 04772 b, = 0.2599
Wo 275 s 177 s 115 s
(fo) (44 Hz) (28 Hz) (18 Hz)
L 300 pH 300 pH 300 pH
Cq 22 mF 22 mF 22 mF
Co 66 mF 4@ %3 110 mFg@|X5 176 mF> x8
Ro 011 Q 0.09 Q 0.08 Q
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2"d order filter — Example 1
Bode Plot 2ndr orqgr lowpass filter
Maximum amplitude of resgnance: ¥ — Butterwoth
- .| ——Bessel H
Butterworth 4.5 dB . Crialunin
Bessel 3.1dB g 10 NSNS TR O T W W
Critical damping 2.3dB P N DR TN N 00 S 1 . S
_ Bl dd b e bl A
Frequency, for -3 dB attenuation:
Butterworth 74 HZ _40 ......................
Bessel 67 Hz e — e ———————————— :
Critical damping 59 Hz >
Attenuation: -28dB @ 300Hz /;9';: HI——
& 135 \ ....................
180k , 5 i ,, 55 ,
10’ 10° 10°
Frequency (Hz)
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2"d order filter — Example 2

~OH

* DC-link voltage: 120V
» f,=20kHz

¢ IOut max — S00A -
« Al , <50App.

« Attentuation: Gg= 250 @ wg = 2*m*20kHz

Same premises as
for example 3

Design a 2" order filter for all three given optimization methods and compare the results.
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2"d order filter — Example 2

Select L, to meet the ripple Vpc - 0.25 120V - 0.25
: . L, = = = 30uH (5)
current requirement: f. Al,;  20kHz-504

Select w, to meet the |Ggl| - ayb,
- - . W = wp+ [ ——— (4)
attenuation requirement: a, + a,

Calculate the remaining
filter elements

(7a, 8, 9)
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2"d order filter — Example 2

Results:
Butterworth Bessel Critical damping
a; = 1.0000 a; = 0.7560 a; = 0.5098
a, = 1.0000 a, = 0.9996 a, = 1.0197
b, = 1.0000 b, = 0.4772 b, = 0.2599
Wsa 1.26*10% s (20kHz)
Gs 0.004 (-48dB)
Wo 5.62*10° s 3.60*10% s 2.34*10% s
(894 Hz) (573 Hz) (372 Hz)
L1 30 uH 30 uH 30 uH
(oF 528 uF 528 uF 528 uF
Co 1580 uFdE®| X3 2640 uFgad| X5 4220 uF> x8
Ro 0220 018 Q 0.15Q
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2"d order filter — Example 2

Bode Plot 2nd order lowpass filter
From: C vout

m: C To: V

Butterworth
Bessel 3
Critical damping
'g 30
Frequency, for -3 dB attenuation: = 4o}
Butterworth 1.5 kHz 50
Bessel 1.4 kHz 50

Critical damping 1.2 kHz

Attenuation: -48dB @ 20kHz

\

Phase (d

Frequency (Hz)
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Ath order filter - Transferfunction

2(s) = 1 _ RpCps + 1
Cys + ;1 C2RpCps? + (C; + Cp)s
RD + m

v, (s

4 1 > G,(s) = 2(5)

Cos + 1 v1(S)

G(s) = vals) _ U Lst2) [ 26 v3(s)

1) |5+ L Los + Z(s) Gy(s) = — B

2
L Gs+1 57 7))
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Ath order filter - Transferfunction

G(s) = @ 1

L1L2C162RDCDSS + (CZ + CD)L1L26154 + [LlclRDCD + (L1 + LZ)CZRDCD]S3 + b -

LGt (L + L) (G + Co)ls? €RpCps ¥ 1 (10)

1st order PD

kis+1
G(s) = L with &k, = RyCp

KsS® + kaS® + k3S° + kyS2 + kqS + 3
kz = Ll(Cl + Cz + CD) + Lz(Cz + CD)

[5th order PT ]

ks = RpCp(L1Cy + LyCy + Ly ()
ky = Li1L;C1(Cy + Cp)

ks = L,L,C,C,CpRyp
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Ath order filter - Transferfunction

5th order PT in its normalized form:

1
Gpr(s) = 2 2
S S S S S
(1 +a1w—0) ' (1+a2w—0+b2w—02) ' (1 +a3w—0+b3w—02)
Optimisation methods:

ai ar b2 as b3
Butterworth 1.0000 1.6180 1.0000 0.6180 1.0000
Bessel 0.6656 1.1402 0.4128 0.6216 0.3245
Critical damping | 0.3856 0.7712 0.1487 0.7712 0.1487

(11)
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Ath order filter - Transferfunction

By expanding (11) and comparing the coefficients with (10) we get:

1
Gpr(s) =
pr(s) a,b, b, <5 4 (bybs + aja, bz + ajazb,) e (apbs + azb, + a;1bs + aya,a3 + a1 by) &3 ...
5 4 3
(O (O wWo
ot (b3 + a2a3 + b2 ‘;‘ a1a3 + alaz) 52 + (a1 + a’Z + a3) s+ 1
wo Wo
a, +a, +as
ki =Rp,Cp=—""——
1 pCp o0 (12a)
b; + a,a; + b, + a,a3 + a,a
kz = Ll(Cl + CZ + CD) +L2(C2 + CD) = 3 23 (j 2 1 172 (12b)
0
a,b; + azb, + a;b; + a;a,a; + a;b
ks = RpCp(LaCy + LoCy + L1 Cp) = =t 2 28— (12c)
0
b,b; + a,a,b; + a,asb
ka = L1L;Cy(C, + Cp) = — 1(5 43 e (12d)
0
a1 b, bs

ks = L1L,C1CCpRp = T w5 (12e)

0

R. Kunzi

Power Filter Design CAS 2014

10.05.2014
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4th order filter — selection of w, and L,

The 5 independent equations (12a....12e) contain 7 unknowns (L, C,, L,, C,, Rp, Cp
and w,). Therefore we have the choice to select 2 of them (w, and L,) the remaining 5
depend on that selection.

For a given frequency wg well in the blocking area (wg >> w,) we can define the
desired attenuation Gg. In the blocking area the highest order terms of both the
numerator and denominator in equation (10) dominate, therefore (10) can be
simplified to:

a; +a, +as

G — RDCDS . Wy _a1+a2+a3.(1)04_a1+a2+a3.a)04
B LiL,CiCoRpCpsS - Mss B a1 by b3 st a,b, b3 wp*
(1)05 T
(N*=+1
On = o - +| Gg * a; by b3 (13)
0 B a; +a, +as

Select L, according to ripple current requirements with (5) or (6)
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4" order filter — Calculating filter elements

By solving the equation system (12a...... 12e) we get:

_ —

L = Ly oGt ta
27 (kska— koks)(kik, —ks) _, (143) LT
(k1ks—ks)?
ks(kiky — k3) bs + azaz + b, + aya3 + a,a
C, = s(k1ka — k3 (14b) k, = 23+ 929 2213 102
ki(kiks—ks)(L1 + Ly) wo
_ ks — With — a;bz + azb, + a;bz + ayaza3 + a1 b,
Cl - k1L1L2C2 (14C) k3 = w03
R = k1k5 (14d) k) = b2b3 + a1a2b3 + a1a3b2
P Cyllerks — ks) ¢~ wo*
ky
Crh =— a,;b,b
>Ry (14e) ks = :)025 °

_— p—
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4 order filter — Example 3

~OH

e DC-link voltage: 120V
« f,=20kHz

® IOut max — S00A

« Al <50App.

« Attentuation: Gg= 250 @ wg= 2**20kHz

_—

Same premises as
for example 2

Design a 4t order filter for all three given optimization methods and compare the results.

R. Klnzi

Power Filter Design CAS 2014  10.05.2014
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4" order filter — Example 3

Select L, to meet the ripple
current requirement:

Select w, to meet the
attenuation requirement:

Calculate the remaining
filter elements

R. Kunzi

Vpe 025 120V - 0.25
L= = = 30uH
f.-Al,,  20kHz-504

4 GB ' a1b2b3
wWop = Wp
0 B aq + a, + asj

Power Filter Design CAS 2014  10.05.2014
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(14a....e)
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4 order filter — Example 3

Results:
Butterworth Bessel Critical damping
as = 1.0000 a; = 0.6656 a; = 0.3856
a> = 1.6180 a; = 1.1402 a;=0.7712
bo= 1.0000 b, = 0.4128 b, = 0.1487
az = 0.6180 az = 0.6216 az=0.7712
bs = 1.0000 bs = 0.3245 bs = 0.1487
Wa 1.26*10°s"  (20kHz)
Gs 0.004 (-48dB)
w 2.36*10% s 1.38*104 s 8.15*10°% s
0 (3.8 kHz) (2.2 kHz) (1.3 kHz)
L+ 30 uH 30 pH 30 uH
Lo 57 uH 31 uH 17 uH
Cq 74 uF 90 uF 124 uF
Cz 7.9 uF 12 uF 16 uF
Co 75 uF 168 uF 382 uF
Ro 1.83 Q 1.04 Q 0.62 Q
R. Kinzi  Power Filter Design CAS 2014  10.05.2014
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4" order filter — Example 3

Maximum amplitude of resonance:
Butterworth
Bessel
Critical damping

Frequency, for -3 dB attenuation:

Butterworth 5.5 kHz
Bessel 5.0 kHz
Critical damping 3.9 kHz

Attenuation: -48dB @ 20kHz

R. Kunzi

Power Filter Design

Bode Diagram 4th order lopass filter

From: C To: Vout

Buttérworth .
Bessel
Critical damping

CAS 2014

Frequency (Hz)

10.05.2014
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Comparison of different filter designs

Design 1 Design 2 Design 3 Design 4
4 order 2nd order 2nd order 2nd order
Acc. to example 3 Acc. to example 2 Acc. to example 2 Acc. to example 2
but Ly = 100pH but Ls = 100pH
and Gg = 0.01
Optimisation: Optimisation: Optimisation: Optimisation:
Bessel Bessel Bessel Bessel
L, =30 uH L, =100 uH
C1 =528 uF C1=158 pyF
Cp =2600 pF Cp =790 uF
Rop=1.04 Q Rp=0.18 Q Rp=0.62Q
fo =2200 Hz fo=573 Hz fo=573 Hz
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Comparison of different filter designs

Bode Plots of different filter designs
From: C To: Vout

Design 1 a
Design2 and 3
Design 4

o

[N
o
T

Magnitude (dB)
A .
o

Phase (deg)

Frequency (Hz)
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Practical Aspects - Wiring

Bode Plot: Effect of cable impedances
From: C To: Vout

» Effect of a 0.5m long 2

wire 16mm? (wiringof C; o — e
and C,) 8 ol S
— Skin Effect ’§,4o_ ...... o T TR LA
—— with cable impedance C1 : \
* Skin depthin Cu @ " sl ——Whcable imzegancegf R EREEE .
20kHz: 0.5mm — TP T
- Reduces the effective S

cross section to 6.3 mm2 *

_90,.
* Wire resistance @
20kHz: 1.4mQ

— Wire inductance is p _ ....... ........ .......
approx. 0.5uH

-

w

o
!

Phase (deg)
j ;3 R
o

Frequency (Hz)

To be avoided !
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Practical Aspects — low inductive setup
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Life time of electrolytic capacitors

The useful life time of an electrolytic capacitor depends very
much on the ripple current and the ambient temperature.

Cr Case ESRyy | Zinex Iac.max Ia lacr(B) [ Ordering code

100 Hz | dimensions 100 Hz |10 kHz [ 100 Hz( 100 Hz \>1OO Hz | (composition see

20°C [d x| 20°C |20°C [40°C \85°C [{85°C |below)

uF mm mQ mQ A A A

V=200V DC
3300 (51.6x 80.7 40 48 21 7.9 15.3 B435*4E2338MO##
4700 |[51.6x105.7 29 35 27 10.1 17.6 B435*4E2478MO##
4700 |[64.3x 80.7 29 35 27 10.0 18.6 B435*4F2478MO##
6800 (64.3x105.7 21 25 34 12.6 22.0 B435*4E2688MO##
820Q |[76.9x105.7 17 20 41 26.8 B435*4E2828MO##

76.9 x 105.7 14 17 47 474 ) [32.8  |B435*4E2109MO##
15000 |[76.9x143.2 8 10 57 25.6 43.6 B435*4E2159MO##
22000 (91.0x144.5 5 6 80 35.9 63.6 B435*4E2229MO##

* Nominal ripple current at
* nominal frequency (100Hz) and
* nominal capacitor temperature (85°C).
e 17.4AIn our example
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Life time of electrolytic capacitors

Frequency factor of permissible ripple current I,c versus frequency f

15 KAL1014-U
|| B43s6a/584 |
AC. 3 "
|ac, 100 Hz p/i! i
VA4 Tt

([ 200, 250, 350 V

1.2 ] 400V I
450, 500 V
1.1 Apply frequency factor:
1.0
' For 10kHz a current factor
0.9 ) .
of 1.35 is applicable
08 — 23.5A @ 10kHz
0.7
0.6 //
0.5 /i
0.4
10' 5 102 5 10°  Hz 10°
— = f
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Life time of electrolytic capacitors

30 | | KAL0529-Y

| : B43564/584

AC . AC

e Ton® \739\

T \\\\
Determine the allowed ripple 2.0 \\\ AN BN
current for a desired useful \ \ \
i : 1.5 N \
life and Ta: AN \ \ \
N\ y \ \ \

For 25’000h (3 years) 1-0——--6 —— 1 ——-—\———%——
and Ta = 50°C, = c {
— 2.6 * 23.5A = 61A 0.5 8 g8\ —s\ s\ s\ls
For 250'000h (30years) %0 %0 &0 0 80 90 °C 100
and Ta = 50°C TuTg

— 0.85 * 23.5A = 20A

The useful life time dramatically decreases at higher ambient temperatures!
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