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Florlan Hammerle

e Studied Mechatronics at Vorarlberg
University of Applied Sciences

* Working at OMICRON Lab since 2010 in:

— Technical Support & Applications
— Product management

* Contact:
— florian.haemmerle@omicron-lab.com
— https://meet-omicron.webex.com/meet/florian.haemmerle
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Tobilas Schuster

Completed electrical engineering college in 2013

Studied Industrial Engineering and Management

Working at OMICRON Lab since 2015 focusing
on.

— Technical Support

— Applications

- Sales

Contact:
— tobias.schuster@omicron-lab.com
- https://meet-omicron.webex.com/meet/tobias.schuster
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Agenda

° The input filter stability problem
° Experiment: Badly designed input filter
* Damping the input filter
° Input Impedance measurement
— Modulation

- Voltage measurement
— Current measurement

* Hands-On measurements
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Input Filter Stability Problem

——=0
V; Input Filter Converter
" Zou(s)
() H(s) Vout
> Zin(s)
9
NGO
Controller

Converter has a negative input impedance
(increasing voltage - reduces current = R is negative)

-> negative resistance oscillator is possible
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Extra-Element-Theorem (Middlebrook)

Extra element theorem of Middlebrook shows how a
transfer function is changed when an additional impedance
IS added to a linear network

Converter

Zout(s) Gvd (S)[.

af
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Vout

1 + Zout
_ Zy
Gvd - Gvd 7
Zp
Zp=Zi | . ... converter input impedance
4=0  when no change in duty cycle
7 =7 ... input impedance with
N — #in |, . .
Pout—0 ideal controller (no change in

output voltage)
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Design Criterion for Stable System

Z
* fZyye K Zy and Z,,; K Zp then 1+ZO_’;’w ~ 1
Zp

- system performance is not affected by the filter.
(Zy and Z, need to be calculated or simulated)

° If converter is a ,black-box™ only the much simpler
criterion Z,,; < Z; can be applied on the measured
closed loop Input Impedance Z;,

Note: Z,,; < Z;,, ensures stability but does not guarantee

that system performance is unaffected!
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Does It happen In reality?

Component Value

Cin 2x 10 pF

Example: Cor | 2x104F
. L1 15 uH

Synchronous Buck converter evaluation board: Ry 120
Ren 1 MQ
Cvce 1pF
Cpoost 0.1 pF

MCP16311,2 Synchronous Buck

Evaluation Board
: lCBOOST Vour

v,
N BOOST 33V @ 1A
sw

Load:
I,y =03A>R, =110 %%
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[ ]
g 2R, n‘cucc @su
ucc@ “9‘-

oa f'\

Input Current Ripple o

BOOST 15 uH 3.3V 0.3A
ViN 5v sSwW

EN
Vee Vg
Cvce f GND

1pFI

Court
1 2x10pF

312k

Cout
T 2x10pF

312k

10 kQ

Without input fllter

(@ 1oomaow 2.50G5/s ‘ 18 Apr 2017 (@ 1oomAow  J1.00us 2.50G5/5 ”13 Apr 2017)
e — 1M points 14SmA 08:37:08 T w 08:55:2 4 g'|
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Influence on Loop Gain (Vin = 4V)

Trace 1: Gain Magnitude (dB)

Trace 2: Gain Phase (°)
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= WithFilter == NoFilter
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Note: This is a real
measurement result.

Distortion is not
caused by excessive
Injection level

Filter adds second
crossover frequency

Reduces phase margin
at first crossover

Wil influence the load
step response
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Small-Signal Load Step Response

No or damped input filter ) Un-Damped input f||ter

(@D 5.00mVi 50.0mvh  ]200pus 500MS/s ”
|++0.000005 1M points ooov 08:07:37 |

17 Apr 2017 (@ 5.00mvay @ 50.0mVh I|200]..ls 500M5/5 17 Apr 2017]

w+0.p0000s 1M points 0 ooV ”08 07:37 )

Excessive ringing at 17 kHz

50 mA load steps created with Picotest J2111A current injector and G5100A AWG.

Scope: 1:1 probe and averaging on to remove switching ripple. ]
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Checking the Impedance Condition

1000

Converter Input Impedance . — 15V Zj,

. T 1N 10V Z,,

10 4V Zin

Critical frequency
~17 kHz

0,

EEN

Filter Output Impedance Undamped filter Z,,,;
— — Damped filter Z,,+

0,01
10 100 1000 10000 100000
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LC Input-Filter Output Impedance

g 100 ~ ;

@ Frequency Undamped Damped
o 17,378 kHz 12,061 Q 922,906 mQ
g e e oy FIR VSO U U O 1 O IR PR~ <o U 0 8 ORI [P ORI 0
-

(@)

©

= V% A N N ' 1 S 2 A A S0 Y 9.« S D A Y S O A AR
)

O

c

gs

¢ 100m

o

£

— 10m

)

&

o

= 1m :

10 100 1k 10k 100k ™ 10M

Frequency (Hz)

— 10uF —8.2uH — Undamped — Damped
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Damping the Input Filter

60
— 80
o
) 40 60 o~
()] ~
Eg 40 9
= 20 ©
e
% 20 o
C
= 0 0 '©
£ O
© -20 A
O 20 ¢
= -40 Q
GJ —
& -40 60"
S
|_
-80

1k 10k 100k
Frequency (Hz)

= WithFilter DampedFilter == NoFilter

* After damping the influence on loop gain is small
e Stability and performance are not affected anymore %%
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Practical Input Filter Damping

— additional DC blocking capacitor
T - ESR of blocking capacitor might be
¢ * sufficient
° R-L Parallel Damping

— Damping inductor << filter inductor

[ E since DC resistance is higher

— ESR of inductor might be sufficient
O — See literature [1], [2], [3] etc. for
optimal damping (minimize
component size).

PSS Q . * R-C Parallel Damping
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Measuring Input Impedance

Use Voltage/Current measurement mode of BAS

v Voltage/Current

Measure impedance by connecting a veoltage probe to CH2
and a current probe to CH1.

OuTPUT CH1
“ ;‘r\ " Bade 100

Impedance range depends on sensitivity of the used | Curen
probes.

Start measurement

Advantage of Voltage/Current mode in BAS 3.X:
° Impedance result formats (Ls, Cs etc...)
* Thru or Open/Short/Load calibration can be applied
* Arbitrary probe factor can be set in hardware setup
%
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Input Impedance Measurement

. vV Vi
Voltage/Current mode calculates: Z = Gain = VCHZ = i‘”
CH1 in

. OUTPUT _ INPUT
Reairements o
ode

* AC modulation of input
° |nput current measurement
° |nput voltage measurement

Power DC @

Supply Input

Modulator
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Bode 100 Hardware Setup

Hardware Setup x

Bode 100 /

, * Attenuators to improve
Source mode Receiver bandwidth S i g n al / n O i Se
Receliver 1 Receliver 2 /

T — —T— * Channel termination
[0a_-]| —F 1 MQ or50Q

Sweep time: 2,56 5

External
Reference

T

Arbitrary probe factor (use
negative value to invert

500
I —
L 0

T channel)
o R
1 ‘I’ e b Hint: The Bode 100 hardware is
configured at the time when a
Comen = 1 Valtage measurement or calibration is
i started!
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Modulating the DUT Input

Input voltage must be modulated proportionally to Bode 100
IOuthl)Jt signal (challenging depending on voltage level and power
evel).

* Use specific devices

— Picotest J2120A Line Injector (50 V /5 A)

— Picotest J2121A Line Injector (400 V /20 A)
* Inductive coupling / signal injection

* Capacitive coupling / signal injection

An external power amplifier might be needed for modulation if
the 13 dBm (20 mW @ 50 Q) are not sufficient.
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Modulating the DUT Input (2)

Plcotest J2120A/J2121A
o Advantage:

°* Easy to use
Disadvantages:

. / @ T Noc e 3 * Maximum ratings fixed

me e Z PR ) * Introduces DC voltage loss

J2120A Line Injector
\ J

Signal injection (capacitive coupling) Advantage:

* Scaleable

Disadvantage:

* Maybe an amplifier needed

E] * DC block limits lower frequency

%%
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Modulating the DUT Input (3)

Signal Injection (inductive coupling) Advantage:

* Scaleable

Disadvantages:

* Maybe an amplifier needed

E] * Hard to get right injection probe

Configurable power amplifier Advantages:
* Powerful

* Fully configurable
Disadvantage:

* Price
Bl %
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Injection Method Hint

Provide a low-impedance
current path for the injected
AC measurement signal

* Increases injected signal

QUTPUT _ INPOT

SIZG B-AMP 12 ot
DC current
°* Improves measurement + :
P Supply I t o/t R
reSUItS Voltage_ T _ DC _ -

* Enables calibration jow Z path
(Open, Short, Load)
without DC power applied
CL
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Measuring the Input Voltage

1:1 Connection 10:1 Passive Probe Active Differential Probe
(BNC cable) (safety isolation probe)

Price low medium high
Isolation no no yes
Noise low medium high
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Measuring the Input Current

Hall-Effect Probe
(BNC connector)

Active Rogowsky Current Transformer
Current Probe (Current Monitor)

Shunt Resistor

Price high medium medium low
Isolation yes yes yes no
LF Limit DC Hz...kHz Hz...kHz DC
HF limit 20 - 50 MHz 20 - 30 MHz MHz MHz
DC sensitive compensated no yes power limit
%%
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Measurement Setup Verification
Use a known impedance (e.g. a 100 Q resistor) as DUT

Uncalibrated measurement result:

10k

1k

100

10

Trace 1: Impedance Magnitude (Q)

100m

1 10 100 1k 10k 100k ™ 10M
Frequency (Hz)
T Trace OMICRON
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Calibration

BAS 3.X supports either Thru calibration or
Open/Short/Load calibration in Voltage/Current mode

User Range Calibration x

Impedance calibration:

This measurement mode supports two impedance calibration methods. The Thru calibration and the OpenyShort/Load calibration:

Open/Short/Load calibration

Thru calibration: Open/Short/Load calibration:
Compensate the influence of the connection cables by connecting a
Thru connection instead of the DUT to the test setup. Then press
Start to perform the Thru calibration.

Connect the corresponding calibration objects instead of the DUT to
the test setup. Then press Start to perform the calibration. Mote: All
three calibrations (Open, Short and Load) must be performed.

Thru Start Not Performed Open Start Not Performed

Short Start Not Performed
Load Start Mot Performed

?> Advanced Settings

Close
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Thru Calibration

Calibrates the underlying Gain p— 1 cHa
measurement (Z = Gain) (¢ ﬂ/o (¢

Use a 1 Q resistor instead of DUT T Current

Voltage

to perform Thru calibration
(1 Q 2 Gain of 1)

Advantages: Disadvantage:

o Qi ° Resistor is never ideal
Simple (1 Q resistor shows significant

* Only one measurement reactance at high frequency)
(calibration) needed Example: 10nH @ 1 MHz

-2 63 MQ ... 6% error 44
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Open/Short/Load Calibration

Full impedance calibration

Advantages:

— Highest accuracy and widest frequency
range
— Compensates more effects than Thru

Disadvantage

— Not every test-setup is suitable for
Short and Open (especially when DC
cannot be removed!)

— 3 calibration measurements needed
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Measure Input Impedance (with Input C)

Low frequency input impedance

R 10 Q
D2~ (33V/10V)2 100 &

100

Input capacitor dominates
impedance ( capacitance and
inductance )

10

Trace 1: Impedance Magnitude (Q)

1 Component Value
Cin 2x 10 gF |
COUT 2x10 UF
100m . L1 15 pH
\ Capacitance = 15uF / Ry 312k0
~ . Rg 10 kQ2
10 100 1k 10k 100k \1M 10M Ren 1 M@
Frequency (Hz) Cvee 1 P
Inductance = 25nH Cao0sT 0.1pF
— 10V
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Input Impedance depends on Input Voltage

100

10

Trace 1: Impedance Magnitude (Q)

100m Input-C decreases when
voltage increases i
10 100 Tk 10k 100k ™ 10M

Frequency (Hz)

=10V == 15V =20V - 25V == 30V
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Input capacitor DC voltage sensitivity

Two parallel 10uF ceramic caps:

30u |

Frequency ov 10V 15V 20V 25V 30V
1kHz 18,847 pF 16,591 pF 13,995 pF 11,518 pF 9,321 uF 7,559 pF
V]

N
o
=

—_
o
-

Trace 2: Impedance Cs (F)

Ul
=

100 Tk 10k 100k

Frequency (Hz) -
%%
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Input capacitor DC voltage sensitivity

20 uF TABLE B-1:  BILL OF MATERIALS (BOM)
H Qty | Reference Description Manufacturer Part Number
18 HF 2 |C1,C12 CAP CER 0.1 pF 50V X7R 10% 0603 TDK Corporation C1608X7R1H104K
4 |C2,C3, CAP CER 10 uF 50V X7S 1210 TDK Corporation C3225X7S1H106M
16 uF C7,C8
M 4 |C5, C8, CAPACITOR, 1206, X7R, 16V, 10 uF TDK Corporation C3216X7R1C106K
C10, C11
14 |J.F 2 |CVCC, CAP CER 1 uF 16V 10% X7R 0603 TDK Corporation C1608X7R1C105K
CcvCe2
12 U-F 8 |J1,J2,J3, |[PCTEST POINT TIN SMD Harwin Plc. 51751-46R
J4, J5, J6,
J7,J8
10 |J-F 1 |L1 CHOKE, SMD, 15 pH Wourth Group 7447779115
8 uF
o Most i it
4 uF p
) uF highly sensitive to DC voltage!
HF At 30V this 10uF cap has <4uF
Vv 10V 20V 30V

4
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MCP16311,2 Synchronous Buck
Evaluation Board
ADMO0467

Tls

MicrOCHIP

Hands-On Measurement DUT

Injection
Point

«VV.P16311,2 Synchronous Buck
Evaluation_Board

ADMO0467

58
EN F§

|

MICROCHIP

b\ ;\f«“‘? >
- - -
; 3V THCS

&8  rutice

&0 N5

GND uou FYHS

Vour

BOOST 3.3V 0.3A
sw
' Vin Cout
T 2x10pF
EN 31.2kQ

10 kQ

4

4
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Hands-On Measurements

1. Input Impedance Measurement (No Filter)
2. Filter Impedance Measurement

3. Measure System Dynamics without Filter
— Loop Gain Measurement
— Transient Response

4. Add Input Filter

— Impact on Loop Gain
— Impact on Transient Response

5. Damping the Input Filter
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https://www.omicron-lab.com/applications/detail/news/input-impedance-filter-stability/

Feel free to ask gquestions via the Q&A function...

If time runs out, please send us an e-mail and we will follow up.
You can contact us at: info@omicron-lab.com

Thank you for your attention! %%
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