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- Suitable Filter Structures

! For signal filters simple RC are
== commonly used
: ‘ Attenuation only 20dB/decade
| Full current through R — Losses |
_- L
L With  a LC structure we get
v v 40dB/decade
7~
There is a high resonance
.
_-— ——
_ Series damping in order to overcome
1 vV the resonance problem
T ~
Full current through R — Losses!
®
_- L
I _ Parallel damping in order to overcome
v Vv the resonance problem
7~
1 Full voltage across R — Losses!
®
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SES

Suitable Filter Structures

2" order lowpass filter with parallel RC-

‘6 '0‘ damping
Resonance can be damped
Reasonable losses
L For better attenuation 2 LC stages are
vV necessary
7~
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-
‘6 a damping after second stage
| —

R. Kiinzi

Resonance can be damped
Reasonable losses

Power Filter Design

CAS 2014 10.05.2014
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H-Bridge
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- H-Bridge with CM filter

* 7 -

-

i H:Ii
HHTH
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2nd order filter - Transferfunction

RyCps + 1

1 CRpCps? + (C, + Cp)s
L L
Cps

ook 1

Cis +

(1)

{ RDCDS ,'_|' 1

by 2 ) 2 _
vi(s) Lis+Z(s) L;C;RpCps3+L;(C;+ Cp)s?
- - 1st order PD
S +
G(s) = L]

kss3 + ky,s? + kys+1

3d order PT

R. Kiinzi

Power Filter Design CAS 2014

W|th k]_ - RDCD
ky = L1(C; + Cp)

ks = L,C1RpCp

10.05.2014
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~pel™ 2nd order filter - Transferfunction
o 1
3'd order PT in its Gpr(s) = . . 2 (2)
normalized form: (1+ a4 w—o) (1 +a, Wy + b, w—oz)
Method a as b2
Butterworth 1.0000 1.0000 1.0000
Bessel 0.7560 0.9996 04772
Critical damping 0.5098 1.0197 0.2599

R. Klinzi
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SRS 2nd order filter - Transferfunction

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

1
GPT(S) =
C;}bsz $3 4 (a1aaz) ‘|2‘ b;y) §2 + (a1a‘)|'a2) s+1
0 0 0
a, + a,
ki =RpCp = (3a)
Wy
a,a, +b
ko =Ly (Cy+ Cp) = ——— (3b)
Wy
a, b,
k3 - L1C1RDCD - (3C)

0)03

The 3 independent equations (3a....3c) contain 5 unknowns (L., C;, Ry, 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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~pe 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,

_ RDCDS _ a)O S_a1+a2.(1)02__a1+a2.(1)02
B L1C1RDCD53 albz 53 a1b2 Sz a1b2 (l)Bz
o | ]
()? =1
|G| - a.b
a)0=a)B-\/ ML (@)
a, + a,
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L BESE 2"d order filter - Definition of L,

s L, Ai,
woe—-—o— . E
For cost reasons L, should T v
be as small as possible,
but a too small inductance — A e
will result in an excessive
ripple current! Vo Ve ot
o )\ o— m*T =11,

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'F=VDC_VC1=VDC'(1_m) {form:O.S ]
Al 1= T diLl_ 1 VDc'(l—m)_VDC'(l_m)'m

11=m a f. L, - £ Ly
Vpc * 0.25
Ly = S)
! fs = AlL4 )
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2"d order filter - Definition of L,

Alternative approach to determine L;:

L
, __Vuripptesy —_——
L1 ripple_pp — 5 | T fripple’ L1
ripple
c,| Ro
L. = vl_ripple_pp 6 R
1=
2.1 fripple' 11 rippie_pp (6) V, — |V
\ \
D
. .
R. Kinzi  Power Filter Design CAS 2014  10.05.2014
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== 2" order filter — Calcualting filter elements

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

Selection: L; and wy Selection: C; and w Selection: L, and C;
a1b2 a1b2 a1b2
Y Liwe?(ag + ap) (72) L Cwe?(ag + ay) (70) o L1Ci(ay + az) 9

_aia; + by

Solve (3b) for C: Cp = —— (1 (8)
Liwy
a, + a,
Solve (3a) for Rp;: Rp = C 9)
pWo
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- = 2"d order filter — Example 1

—FR ? . ¥—.—

S ORIA —c =S
C, ——

L @ o—

 DC-link voltage: 200V

e DC-link current: 500A

o 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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~pe 2"d order filter — Example 1

Select L, to meet the ripple
current requirement:

Select C1:

Calculate the remaining
filter elements

R. Klinzi

b= vlﬁm.ﬂe_pp 6)
7+ frippte " 111 rippie_pp
- 7(12-05?0.005'}?[;22?? = 300uH
C, = 22mF
(7c, 8,9)
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SES

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, = 0.4772 b, = 0.2599
Wo 275 s 177 s 115 s
(fo) (44 Hz) (28 Hz) (18 Hz)
L 300 pH 300 pH 300 uH
Cq 22 mF 3 22 mF 22 mF
Co 66 mF XS 110 mF4®@|XO 176 mF>
Rp 0.11 Q 0.09Q 0.08 O

R. Klinzi

Power Filter Design

CAS 2014

10.05.2014
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- 2nd order filter — Example 1

Maximum amplitude of resonance:
Butterworth 4.5 dB
Bessel 3.1dB
Critical damping 2.3dB

Frequency, for -3 dB attenuation:
Butterworth 74 Hz
Bessel 67 Hz
Critical damping 59 Hz

Attenuation: -28dB @ 300Hz

R. Klinzi

o]
o

Bode Plot 2nd order lowpass filter

From: C Ta: Vot

Magnitude (dB)
R LY
(=] o o
|

&
=]

40L ........ .....

i Bessel

B'utte'rwbtr'l. T

Critical damping

Phase {

-

L)

h
T

SR Do L I I s e C o E AR Do Do oo L

1= ] ST INUN SUU UL TUTUUIS FOUUUUUUUUUUUUE FUUUUUO SO UUT U TR AU TN S POUOOUUUUUUUUR RUURUIOS FOUOUT DT SOT T vorsre:
2

Power Filter Design

CAS 2014

Frequency (Hz)

10.05.2014
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- = 2"d order filter — Example 2

I N
T L, R,
-4 ANEE
———— 1 C.D__
® ® @ . *—

« DC-link voltage: 120V

e f,=20kHz

* IOut_max = 500A

o Al <50App.

e Attentuation: Gz = 250 @ wg = 2*m*20kHz

__ Same premises as
for example 3

—_—

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

R. Kinzi  Power Filter Design CAS 2014  10.05.2014 17
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SES

2"d order filter — Example 2

Select L, to meet the ripple

current requirement:

Select w, to meet the
attenuation requirement:

Calculate the remaining
filter elements

R. Klinzi

_ Vpe-025  120V-025
YU firAl,  20kHz-504

30uH

\/lGBl'ale
Wo = Wpg *

a, +a,

Power Filter Design CAS 2014  10.05.2014

(5)

(4)

(7a, 8, 9)
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SES

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, =04772 b, = 0.2599
Wg 1.26*10° s (20kHz)
Ge 0.004 (-48dB)
Wo 5.62*103% s 3.60%103% s 2.34%103 s
(894 Hz) (573 Hz) (372 Hz)
L1 30 uH 30 uH 30 uH
C+ 528 uF 528 uF 528 uF
Co 1580 uF X3 2’640 pF XS 4220 pF>
Rp 0.22 Q 0.18 Q 0.15 Q

R. Klinzi

Power Filter Design

CAS 2014

10.05.2014
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SES

2"d order filter — Example 2

Maximum amplitude of resonance:

Butterworth 4.5 dB
Bessel 3.1dB
Critical damping 2.3 dB
Frequency, for -3 dB attenuation:
Butterworth 1.5 kHz
Bessel 1.4 kHz
Critical damping 1.2 kHz

Attenuation: -48dB @ 20kHz

R. Klinzi

Magnitude (a}

Power Filter Design CAS 2014

Bode Plot 2nd order lowpass filter

From: © Tao: Wout

........................................

Frequency (Hz)

10.05.2014
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RS 4™ order filter - Transferfunction

7(s) = 1 B RpCps + 1
()= Cost— ~ CoRpCpsZ + (Cy + Cp)s
R+

4 1 > G, (s) = 28

C.s + 1 v1(5)

6 =2 o L9 2IO) 1 T W vs(5)

v1(5) Ls + - 1 . L,s -I-Z(SD > Gy(s) = vz(s)
7 TS+ Z(s))

R. Kinzi  Power Filter Design CAS 2014  10.05.2014 21
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SRS 4t order filter - Transferfunction

P——

L,L,C,CoRpCpsS + (Cy + Cp)LiLyCis® + [L1CiRpCp + (L + L) CoRpCpls3 + -+

T TTH LG+ (L T L)(C + Cp)ls? @ (10)

1st order PD

. axy

kis +1
kes® + kys* + kys3 + kys? + kys+ 1

G(s) =

Wlth kl = RDCD

kz = Ll(Cl + CZ + CD) + LZ(CZ + CD)
5t order PT
ks = RpCp(L1Cy + LGy + Ly Cy)
ky=L1L,C1(Cy + Cp)

k5 - L1L2C1C2CDRD

R. Kiinzi  Power Filter Design CAS 2014  10.05.2014 22
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At order filter - Transferfunction

5th order PT in its normalized form:

1
GPT(S) — 2 2
S S S S S
(1 +a1w—0) . (1 +a2w—0+b2w—02) . (1 +a3w—0+b3w—02)
Optimisation methods:

a1 ao Do ds of
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

R. Klinzi

Power Filter Design CAS 2014

10.05.2014
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SRS 4t order filter - Transferfunction

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

1
Gpr(s) = ..
pr(s) a,b,bs 54 (b,b3 + aja, b3 + ajasb,) iy (aybs + azb, + a;bs + a;a,a3 + ab,) 3
Wo® wo* w3
.y (b3 + a,as; + b, -;— a,a; + a;a,) §2 4 (a; + a, + ag)S +1
Wy Wy

aq + a, + as

kl = RDCD - (12&)

Wy

b3 + a,as + bz + aas + a;a,

ky = L1(Cy + G + Cp) + L(Co + Cp) = w2 (12b)
ks = RpCp(LCy + LyCy + Ly Cy) = 222 H 002 F afj’: 210205 T 012 (12¢)
ks = L1 L,Cy(Cy + Cp) = 2227 alaaffj e L (12d)
ks = L1L,C;C,CoRp = afjsb : (12¢)

R. Kiinzi  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 S_a1+a2+a3.(1)04_a1+a2+a3.(1)04
B L1L2C1C2RDCDSS B a1b2b3 S5 B a1b2b3 54 B a1b2b3 (1)34
o | |
(N* =+1
a| Gg -ayby,b
Wy = Wg - B 1Y2V73 (13)
a, + a, + as

Select L, according to ripple current requirements with (5) or (6)

R. Kiinzi  Power Filter Design CAS 2014  10.05.2014 25
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4" order filter — Calculating filter elements

By solving the equation system (12a...

Ly
L, =
27 (kaks — koks)(iky —ks) _,  (143)
(kyky—ks)?
ks (kiky — k)
C, =
2 = e Gaka—ks)(Ly + L) (14b)
C, = ks
1= kL., (14c)
o kiks
D = Ty haka —ks) (140)
Ch = iz
7 Rp (14e)
R. Klinzi

Power Filter Design

CAS 2014

a1 + az + a3
kl =
Wy
_ bzt azaz + by +a;a3 + aya,
, =
(1)02
a,bs; + as;b, + a;b; + a,a,a; + a,b,
3 = 3
Wy
_ b2b3 + a1a2b3 + a1a3b2
4=
0)04
a1b, b3
k5 = 5
Wy
10.05.2014 26
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- = 4 order filter — Example 3

-4

— — 1+l —
-I- L1 L2 RD
p— /\ C—— C,——
p— T
—o —o . —o—

 DC-link voltage: 120V
o f,=20kHz

IOut_max = 500A

o Al , =50App.

o Attentuation: Gg= 250 @ wg = 2*1m*20kHZz

Same premises as
for example 2

—

—_—

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

R. Kiinzi

Power Filter Design CAS 2014

10.05.2014
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SES

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. Klinzi

_ Vpe-025  120V-025
YU firAl,  20kHz-504

30uH

4 GB . a1b2b3
W = Wpr
0 B aq + a, + as

Power Filter Design CAS 2014  10.05.2014
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(13)

(14a....e)
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SES

4% order filter — Example 3

Results:
Butterworth Bessel Critical damping
a; = 1.0000 a, = 0.6656 a; = 0.3856
a; = 1.6180 az = 1.1402 a; =0.7712
b>=1.0000 b, = 0.4128 b, = 0.1487
as = 0.6180 as = 0.6216 as;=0.7712
b; = 1.0000 b; = 0.3245 b; = 0.1487
Ws 1.26*10°s7  (20kHz)
Gs 0.004 (-48dB)
W 2.36*10% s 1.38%*10% s 8.15*103% s
° (3.8 kHz) (2.2 kHz) (1.3 kHz)
L+ 30 uH 30 uH 30 uH
Lo o7 UH 31 uH 17 uH
C+ 74 UF 90 uF 124 uF
Cs 7.9 UF 12 UF 16 UF
Co 75 uF 168 uF 382 uF
Rb 1.83 Q 1.04 O 0.62 Q

R. Kinzi  Power Filter Design CAS 2014

10.05.2014

29



PAUL SCHERRER INSTITUT

SES

4% order filter — Example 3

Bode Diagram 4th order lopass filter

From: C To: Vout

Maximum amplitude of resonance: 0 | —-— ......................................... e :::;“0"5“ |
ButterWOI’th 86 dB N Criti;al damping
BeSSG| 5.4 dB % O RN S
Critcal damping ~ 38dB " §,. N\ _ _

g

Frequency’ for -3 dB attenuation: BOL b el N i
Butterworth 5.5 kHz
Bessel 50 kHz D — — . .................................... _
C”tlcal damplng 39 kHZ A5 ey, ................................... -

. o 135 _ .................................. _
Attenuation: -48dB @ 20kHz /;)..: ............................... 1 N |
D_EL L) OISR SR ST S B ........................ ..................... .................................. _
270 _ ........................ ........................ ................................. _
BB ........................ ......................... ......................... _

360L. .;31. ....................... ,;4 ................................

10 10
Frequency (Hz)
R. Kiinzi  Power Filter Design CAS 2014  10.05.2014 30
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~psl™ Comparison of different filter designs

Design 1

Design 2 Design 3
4t order

Design 4
2" order 2" order

2nd order

Acc. to example 2
but L, = 100pH
and Gg = 0.01

Optimisation:
Bessel

Acc. to example 3

Acc. to example 2 Acc. to example 2
but Ls = 100uH

Optimisation:
Bessel

Optimisation: Optimisation:
Bessel Bessel

L+ =30 pH L =100 pH

C1=528 pF C1=158 pF

Cp =2'600 pF Cp =790 pF
Rp=0.18 Q Rp =0.62 Q)
fo =573 Hz fo =573 Hz

fo =907 Hz

R. Kiinzi  Power Filter Design CAS 2014  10.05.2014 31



= Comparison of different filter designs

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

Design 1 n
Design 2 and 3
. . oL . Des'gn4
20k ; ....... ; ..... ;”;é”;?;?”””””é ....... Euuiu?nié?éé ........... RN

Magnitude (dB)

ool N T

Phase {deg)

270k ; ....... é ..... éuénééni??”””””; ....... ; ..... éugnéﬁni?é ............ ;”””;néuénéiéé

_3(3(:.__2 .......... L L”ﬁ”iniﬁ}jjé .......... L L”}”ﬂufjjﬁjé .......... L L m——— )
10 10 10 10

Frequency (Hz)
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-l Practical Aspects - Wiring

o Effect of a 0.5m long

wire 16mm?2 (wiring of C; ............ _____ ............. _______ .

and C,)

— Skin Effect

o Skin depth in Cu @
20kHz: 0.5mm

 Reduces the effective

Cross section to 6.3 mm? .

 Wire resistance @
20kHz: 1.4mQ

— Wire inductance is
approx. 0.5uH

R. Klinzi

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

20

%)
o
T

Magnitude {dB)
N
(=]

L Original system ...... ....... L _
——with cable impedance C1 ST
—with cable impedance C2 R
with cable impedance C1and C2 | : @ ::::

80 i R R ; A R B - PNNS G

Phase (deqg)

Frequency (Hz)

To be avoided !

Power Filter Design CAS 2014  10.05.2014
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_BS Practical Aspects — low inductive setup

P s

R. Kiinzi  Power Filter Design CAS 2014  10.05.2014 34
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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 ESRyp | Zmax | AC.max |5 lacr(B) | Ordering code

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

20°C |d x| 20°C [20°C |40°C \|85°C A85°C |below)

uF mm mQ mge A A A

Vg =200V DC
3300 |51.6x 80.7 40 48 21 7.9 15.3 B435*4E2338MO##
4700 |51.6 x105.7 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##
3200 |76.9x105.7 17 20 41 26.8 B435*4E2828MO##

76.9 x 105.7 14 17 47 17.4 32.8 B435*4E2109MO##
15000 |76.9 x143.2 8 10 57 25.6 43.6 B435*4E2159MO##
22000 |91.0x 1445 5 6 80 35.9 63.6 B435*4E2229MO##

 Nominal ripple current at
nominal frequency (100Hz) and
nominal capacitor temperature (85°C).

17.4A in our example

R. Klinzi

Power Filter Design

CAS 2014

10.05.2014
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Life time of electrolytic capacitors

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

15 KAL1014-U
| B43564/584 |
ACf ;
A, 100 Hz 1‘ |t >
" |
200, 250, 350 V
1.2 N 400V I
450, 500 V
1.1
1.0
0.9
0.8
0.7
0.6 /
0.5
0.4
10" 5 102 5 10° Hz 10*
R
R. Kiinzi

Power Filter Design

Apply frequency factor:

For 10kHz a current factor
of 1.35 is applicable
— 23.5A @ 10kHz

CAS 2014 10.05.2014 36
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- Life time of electrolytic capacitors

KAL0529-Y

3.0 —
| | B43564/584
AC , AC
e Tnon®) \f}\\
Determine the allowed ripple 2.0 T~ "\ N
current for a desired useful \ \ \ \
life and Ta: 5N \ N
For 25’°000h (3 years) WO-—T 2y I\ 7~ ———%——
and Ta = 50°C, 2 B \ |
— 2.6 * 23.5A = 61A 0.5 §\ g\ g\ g\ s\ s
o o o o o o
O o o Te] Lp] (QV
For 250'000h (30years) 00 50 50 = 20 90 °C 100
and Ta = 50°C ToT,

— 0.85* 23.5A = 20A

The useful life time dramatically decreases at higher ambient temperatures!

R. Kiinzi  Power Filter Design CAS 2014  10.05.2014 37
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