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Outline

» Background and context:

—What Is electromagnetic interference (EMI)
— How to mitigate EMI
— EMI filters and limitations

» Active EMI filter
— Active EMI filter (AEF)
— AEF compensation
— AEF damping

» Results
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Background: What is EMI and why do we care?

 EMI: Unwanted noise and signals that cause
capacitive coupling, inductive coupling, or
radiation onto a conductor

» Can interfere with other systems

o Standards limit how much we can emit

— CISPR 25, CISPR 11... standards 50
— Conducted and radiated tests Radiated cTT e
) capacitive/ - o o
Radio, sensors, | inductive § | W | s4amy
% % audio... coupling : — 4! [ aamv
Input ripple Frequency (MH2)

Conducted EMI limits — CISPR 25 Class 5
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http://www.ti.com/lit/wp/slyy136/slyy136.pdf#page=2

Context: What causes EMI in a buck regulator?

* Switching causes ripple/noise at fg,,
and harmonics SW Voltage

VSW

Input voltage Input current

- Parasitics cause high-frequency ripple "pple

SW ring and spikes o I \
‘ /(ﬁ /*k /~ M Inductor current
\W \VV A A ripple

« Jitter, spread spectrum can add
low-frequency noise Vin L

SYYY\ I
g VIN QHS
‘sz\_{ <+~ =
Cin v, L lour
\V + —— Buck oY Ay R
Jitter. y SW BATT  \ - 1 controller |, — R, o0
SPSP... f M sw ring ‘,QWLVSL_{ a1t o ——
SwW T ouUT ————
A requency o
1k-150k 200k -2 M 50M 300 M . -
— Simplified buck schematlc 4
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EMI filtering: Common passive components

* HF ceramic input capacitor -Reduces SW ringing, improves >10 MHz
» Bulk capacitor -ESR damps resonance with filter components at <1 MHz

+ CLC/LCL m/T-filter - Filters up to 10 -100 MHz
-Filters >2 MHz, spec’d at 100 MHz

- Filters common-mode noise up to ~100-300 MHz

 Ferrite bead

e« Common-mode choke

Common-mode Ferrite

choke Bead Lin
AN FY |
LAY L
Crs Cr Cin CiNBLK Cin CinHF -
Vv + . 1 1 1 1 1 Buck
BATT _ — — —T —T —T T controller
GND
— Common buck input filter components 5
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EMI filtering: Designing a CLC T filter

* Three methods:

— A. Check the evaluation board or a reference design
* Check data sheet and user’s guide for EMI results and filter
« Use something similar or adjust to your specs

— B. Calculate/measure
 Calculate attenuation using equation (1) or measure necessary attenuation
« Use AN-2162 application note and spreadsheet to calculate component values

— C. Test In lab and adjust until the filter is optimized

ENTER Lf VALUE: I
Lf = pH suggested range between 1uH and 10uH peak .
i. VA Lt VB E T[ZfSWCIN Sln(nD) 1
A )1y W A |Att| 5 = 20 log — Vyax ( )
| i 1uV
-~ } T I ENTER CIN VALUE: b
power | i L = ¢4 |[==cn | switching e Where:
{ | converter CIN ESR = [0.005 |0 fsw = Switching frequency
l | D = Duty cycle
= = = = Vuax = Max allowed dBuV for the particular EMI spec
. EMifilter g Spreadsheet calculator A
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https://www.ti.com/lit/an/snva489c/snva489c.pdf
https://training.ti.com/sites/default/files/docs/InputFilterCalculator.xls

EMI filtering: Designing a CLC T filter

» After measuring or using (1) to calculate required attenuation in dB
* Use (2) to design EMI filter cutoff frequency

|
peak .
* Use (3) to select C.. and L components T2 sin(D) .
: L . |Att|gp = 20]og — Vmax (1)
« Typically select L, 0.1-10 pH with input current rating v
+  Typically parallel multiple C.. to get required value Where:
F fsw = Switching frequency
- D = Duty cycle
* Test and adJUSt aS nGEded Vmax = Max allowed dBuV for the particular EMI spec
fsw
Je = 1O|Att|/4o (2)
ENTER Lf VALUE:
Lf = HH suggested range between 1uH and 10uH Where:
L Va e | v fo = EMI filter cutoff frequency
] [
bC : T ENTER CIN VALUE: 1
power —— Ct ,...:Cd c.NE Switchin - ' LinyCr =
ooy i [ " G (3)
l Where:
- L = | = L,y = EMI filter inductor
EMI filter Spreadsheet calculator Cr = EMI filter inductor 7
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EMI filtering: Passive filter component limitations

» Concerns:
— Cost — Filter cost can add up. Larger filter for more attenuation means more money!
— Size — Filter can take large board area depending on necessary components

» Considerations:
— Capacitor voltage rating must > Vg yax
— Inductor current rating must > I,y yax (@t Viy min)

—Filter components’ parasitics limit Lin
filtered frequencies to less than self- mm | |
resonant frequency (SRF) § ! g : ; " -
—Larger package = more parasitics C) o :gNBLK :gN :;'NHF Buck
1210 capacitor ~ 1-2 nH —
*0402 capacitor ~< 1 nH GND
—— Buck input filter 8
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Active EMI filter
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Active EMI fundamentals

» View Active EMI filter (AEF) as an “active capacitor” compared to passive C¢.

* AEF uses an operational amplifier to sense AC-perturbations on the input ralil
and inject an 180° out-of-phase signal to cancel the noise.

* Replace passive EMI filter Cc with active EMI network; Op-amp requires
feedback and compensation components but these are much smaller in
capacitance, footprint, and cost.

* Op-amp can be integrated in DC/DC controller IC, such as LM25149-Q1.

Lin Lin
vin O
Zsen
— >

) v 10

(\/ VNoise

@
O
S

X

N
Z
fa

VNoOISE VNoise
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EMI filtering: Active EMI filter

» Active EMI filter uses an op-amp to replace passive C. with “active capacitor”

ZS EN

ol
@]

CSEN _

 —

0
g

|
|

Rpawmp §

Caerc  Ragrc

A\ —s

RaerDC

Op
— |+

‘ <

VCC

11

Wi TEXAS INSTRUMENTS



EMI filtering: Active EMI filter

» Active EMI filter uses an op-amp to replace passive C. with “active capacitor”

« Op-amp gain term (5) Lin
Vin 4 ® ®
Gop = Csen/Cagrc (5) oo — Cing —— —— Cine
Where: SEN T \v) Vnoise
Csgny = AEF sensing capacitor Rpavp §
Caprc = AEF compensation capacitor R
CﬂEFC Raerc N
» Active filter L,y and C,; selection (6) T ' YV = =
A VAVAY, ®
1 Raerpc
LinCing = (6)
N EINT GOp(anc)z - Vee
Where: Op

Vee
2

Ciny = AEF injection capacitor

* With G,,, = 100, filter can reduce L and C,; one-tenth compared to passive!

12
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EMI filtering: Active EMI filter

Input Inductor

* |[nput voltage and current ripple Input DC current current ripple

ILIN

cause EMI. Lowest ripple will |
result in lowest EMI e T ey
» Capacitive sensing and injection . . o
IN
— No DC current into AEF I N
Csen —— e —— Cine
. . : 1 Cn — (\/ VNolse
AEF ripple current cancels ripple Roaue ?
current of input inductor iRWC
C?llec RaErc
. . . . ® NN\ \,—O —
« AEF is NOT limited to DC power rating | — =
o———\/\/V ®
— Limited to Al; canceling Al Ragroc |
_ SEN Vee ‘ NS \
» L, or C,, can be sized to meet Al ,, L B = o
. VCC
requwement 2 > 1 AEF current
) cancellation 13
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EMI filtering: Active EMI filter Compensations

No compensation Both LF & HF compensation
° LOOp has two crossovers to compensate L
« Two compensations: Fol
— Feedback compensation (AEFC) e e i
— In mpensation (INC g N e g
put compensation (INC) S EJ.HL E i N1 OC. 05
* Ragrpc and Cuepc set LF crossover remerm (0 T e 1TMRZ
— Gain could cross 0 dB close to 180° of phase ) . b
Cing - |
* Ryyc and C, . set HF-crossover e R Cie
: : Rsrc DAMP
— Provides phase boost at high-frequency o R ] Riono
— C,\; parasitics limit SRF ~20 MHz = +——W\—9 i L
_§ Raerpc -

14
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Why do we need damping?

VN T Y Y Y ® ®

AEF Cn ——

\_

Converter

J

 Jitter, transients, or any other perturbation can cause an undamped response on

an L-C filter.

» C,y and L, can resonate from regulator perturbations. A damping capacitor, Cp,

with ESR or resistor R\p, IS in parallel with C,, for damping.

» AEF can be purely capacitive and resonate with L, If undamped. This may

cause saturation and increased power loss.

15
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Damping basics

For the filter to be damped against resonance,
we need a Q between 0.7 to 1.0.

3 i : e
s H H -
: : s B
A 8 8 |
- - 13 .
g : : e b5
: 3 0=5"
: : : 3 N F §
. v : — /A
H : H H H
- . —_ .
: ] o H
" ; " " . ¢ s snep CEre
(J H : : : :
: : :
................... : 0= :
N : :
: it et SR W2 2 B0 < CETR oo
4 3
3 Y H
. : i 53
1 s : ’
: | S
’ :
1
. .
D
H : : H
: : R
»

L 0dB

0dB

40 dB/decade

~-10dB

-20dB

|~ |

R 0 =

Quality factor
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AEF undamped response

2 Zcomp
o—{ | ——- —
Vee SEN
V op
—gc +
o Z +7
° ° YT TY L GOp _ ( CAEFC ZRAEFC) ”
CSEN > 7
CSEN R CINJ - AEFC
N Zcagrc 1 ZRaEFC N ZCAEFC _ Csen Zcagrc > ZRAEFC
Caerc  Raerc ~ ~ ~
+—{—VW\—¢ ZCSEN Zesen  Caerc
A L
o (Y Y YL
) Vce Z ZCIN] 1
cc ep EQ — — B
d : GOP SCIN] GOP —— Gopx Cing
Active EMI Filter (equivalent to a G, x Cy; capacitor) | .
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Damping method 1 (series damping)

I—IN
. . L
! 1 (Y Equivalent impedance N\'iv\
Coen —=— o —— with series damping:
Rpawvp ; GOp X CINJ —
Zrpamp t Zcing
. Caerc  Raerc ZEqDamped =
With | AAN—3 Gop
damp|ng ® R’\/\/\, ® RDAI\/IP/ GOp %
Ve _ Rpamp 1
v ~op Gy +SC,N]Gop
5 +
_ _ Low-frequency
Active EMI Filter equivalent circuit
with damping
0 = 1 Z 1R Z Rpamp _ Lin Ro i = Lin - Goyp
R \ C , \ C I GOp V CIN] ) GOP \ CIN]
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Damping method 1 example, fq,, = 2 MHZz

uH /_\ 470nH
' 000

" LM25149 Synchronous Controller i f w 2 M H Z
i PG S

o

) =
Vin 500nF

=30 T100nF

A 1

100nF== 10uF

FN:w Buck + AEF = — p— —

- - Je INZLV AN 63 kHz

ECB 470nF 4 4

Rormer —ﬁiﬁHl -
SR -

100nF-rZuF- [22uF] RS

- 1 —— S S 1 F
L1 I Gop ~ 32N _LONE_
Compensation and AEF amplifier Cipre 4.7 nF
damping . o« |
C— s == I 1 B 1 204 [ . uF
et G T 2iGn w63kt oo
| IIR/\/\/\/ [
\>Z G L 21 -470 nH
_—/ Rpamp = P == = 3.1(0Q)
Active EMI Filter V CIN] V 1 ,UF
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Series damping summary

Lin

® ® (Y Y Y L
Cing ——
Csen ——
Rpawve §
C?IleC Raerc
] NN—o
—"\NN——9
Raerpc
VCC

Op
\@ —+

2

Active EMI Filter

 Damping method 1 Is simple
* Gg, acts like a capacitive multiplier
» This method can be applied for ~2MHz f,,

GOP X LIN

Cing

» Other damping methods can be used for lower switching frequency
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Damping method 2 — parallel capacitor (440 kHz)

Lin
® ® (Y Y Y\
N I—IN
L Cing ——
Csen —— ® Y Y Y
C —
DAMP %RDAMP Gop X Cing =
Caerc  Raerc
——\\W\—s
— "\ Gop X Cpavp == Roave / Gop
@

Active EMI Filter | |
Third-order system, the optimal point

for Rpayp NEEds to be found
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AEF optimal damping for a third-order system

Lin
® i Y Y Y 1
- Cins Zpamp =
SEN ——
2
Cpavp —— Rpave 1 2 C 2
E R (27 fw - Cpamp)
Caerc  Raerc V DAMP
——VW\—9
® AN ®
Raerpc
v
) cc LIN
Op —
e 1, Zpamp =
\ Gop * Cinyg
Active EMI Filter
Lin Lin
Gop X Cing == Gop X Cing
LIN

Rpamp = G Op

Gop X Cpamp ==

|
A
O
>
<
Y,
~
G
O
©
N
O
>
<
LY
~
G
O
©

\

GOp ‘ CIN] — (2rfsw - Cpamp)?
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Passive vs active filter optimized layouts

Traditional passive layout (left) uses a taller inductor and larger capacitors.
Active EMI filter (right) uses smaller and cheaper components with improved filter performance.

110 mm? 56 mm?

$2.71* $1.70* *as of April 2021 23
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Passive vs active CISPR 25 results comparison
Vi =135V, Vot =5V, lgyr =5 A Fgy = 440 kHz

No EMI filter Passive EMI filter Active EMI filter
Ly =2.2puH, C. =2 x 10 pF Ly =1MH, Cp;=0.47 pF
1 T A=z 14 [H= i:l T THo=
\ o
s WHUL |35 A O e - SR
0 e L A i B —
INININ 11 |
| W“Mn Jll 1 | LD 1T N T e e
AL i UL J 1 T I O I M Hﬁw L

Start: 150 kHz Stop: 30 MHz

CISPR 25 Class 5 average

24
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EMI filtering: Active EMI filter components

* Poorly selected AEF components can negatively impact EMI:

— C,\; With SRF 5 MHz caused resonance (less than system loop crossover of 20 MHz).
« Use a HF crossover lower than the SRF of active EMI components

AEF enabled with

AEF disabled poor components
1| fHz 14 MHz o 1| fHz 10 MHz
Bl L ERHE T T
I e T
N m (NIRRT
V\’J\\ UWA i LR N — lAjA IR
Start: 150 kHz Stop: 30 MHz Start: 150 kHz Stop: 30 MHz

CISPR 25 Class 5 average CISPR 25 Class 5 average
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EMI filtering: AEF layout and other considerations

@) ) I
* Route SEN and INJ traces differentially "l ZRAEFDCS S
e L O X
* Place R,erpc at SEN and INJ vias = : i. e
— Place C,rc and R, to form tight loop L ] il
_ 2 2 ww T
* Coavp & Rpavpe Close to AEF compensation (AEFC) oo
. L Lo LE
* R\c and C,\ away from noisy ground O EE 2
— ) O —
* Cq\ Close to AEF compensation e O
» C,; Close to damping RN
At the Op-amp / IC: C cE:MP—% Rowwe [
« AEF amplifier VCC decoupling capacitor close to pin [ u
« AEF amplifier AVSS grounded on quiet ground R\
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LM25149-Q1EVM-2100 Buck controller with AEF

o M25149-O1EVM-2100 evaluation board uses LM25149-Q1
synchronous buck controller with integrated AEF.

B 3 6817700038

| .uouT+

. A M - 4 ¥
(Y .
wi
= K- s
- =) w

" Cs.q. '.."EUZ-J?

i BSR171A

TEXAS LM25149-Q1EVM-2100
_¥ INSTRUMENTS

REF 123861

valuation only; not FCC approved for resale.
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https://www.ti.com/lit/ug/snvu773/snvu773.pdf

Summary

 EMI can cause unwanted interference between electronics
» EMI filters are typically used to mitigate EMI

* EMI filters take cost and size, and come with limitations

» Active EMI filter uses an op-amp as an active capacitor
 AEF compensation

 AEF damping

* Results

 Layout guidelines

28
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