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Outline

Part I: Dynamic Characterization of DC-DC Converters
from a System’'s Perspective

* |. Introduction and background
Dynamic specification items

Output filter

Modulator
. Error amplifier and Loop compensation

* |l. Dynamic parameters of DC-DC converters from a
system'’s perspective
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Outline (continued):
* lll. Output impedance of DC-DC converters
* How source impedance influences output impedance
« Multiple Converters in Parallel
. Observations and Assumptions
* Digital Control
* IV. Measurements, Modeling, Simulations
* Measurements
* Modeling, simulations
« Conclusions
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Outline

Part ll: Power Filter Network and its Effect on DC-DC
Converters

. Introduction and Background Information
« DC Converters Introduction

« Power Filter Introduction

« DC Converter Specifications

* Filter Specifications

 The DC Converter Application

« Cross-Over Frequency
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Outline (continued)
* Power Filter Application
 Filter input impedance, converter looking toward the load
 Filter input impedance, the load looking toward the converter
 Filter Inductor

* lI. Actual Circuit Used and Measurements
* Added Bulk Capacitors Removed

 Summary
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Motivation

* Number of DC-DC converters is on the rise
* Dynamic noise allowance keeps shrinking

« Recent converter trends offer new solutions
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Quiz Question 1

- Which step response will guarantee smaller
worst-case noise A or B?

Step response [V]

2.5E-2

2.0E-2

1.5E-2

1.0E-2

5.0E-3

0.0E+0 A
1.E-9 1E-8 1.E-7 1.E-6 1E-5 1E-4 e

Time [sec] U B M
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Quiz Question 2

* Which impedance profile will guarantee
smaller worst-case noise, A or B?

Impedance magnitude [ohm]

1.E-1
A
1E=2 -
B
1E-3 IR
°s °
1E4 1E3 1E2 1E1 1E+0 1E+1 1E+2

Frequency [MHZ] U B M
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Quiz Question 3

- In what frequency range will the converter
loop influence transient response and output

impedance?

« Up to 10x the cross-over frequency
* Not above the cross-over frequency
« Up to 2x the cross-over frequency

12
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. Introduction and background
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Non-isolated Buck Converter
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The Feedback Loop

1I""rin 1I""r-:-Lrt
— Modulator ——» Output filter >
ll load
Elnad
W + & :
ret Compensation | ‘
network
Error
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Dynamic Parameters

Loop stability is the most important

Load response or output impedance

Line response, input impedance

Output ripple, ringing noise
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Output Filter in Voltage-Mode Control
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G, Transfer Function

Assume infinite load impedance

G 1+ j@ ESRC 1+ j@ESRC
"1+ jo(Ry, + ESR)C - @’ LC gt @ (o 2
J II:ﬂﬂ Ili}Il

—_—————
% 1 Vsw | WL R{Ic—l Vout
R, + ESR VILC Lo v e ve e 1 i
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G, Transfer Function

Normalized view: A typical plot:
Output filter voltage transfer ratio [-] Output filter voltage transfer ratio [-]
10 1E+2
Q=205
1 EH - fo=17 kHz
1 _-_--._,___‘__-_‘__
1EH
01 1E-1 1
Q=10 L=1E-6H
Q =1, underdamped 1E-2 1 C=88E6F
001 Q=05 crticalydamped Rdc =35 mOhm
Q=0.1,two real poles 1E-3 4+ ESR=1.7 mOhm
0.001 1E4
0.01 0.1 1 10 100 1 E+02 1 E+03 1E+04 1E+05 1 E+HI6
Normalized fre quency a/og Frequency [Hz]
Assume infinite load impedance UBM
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Modulator
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Error Amplifier and Loop
Compensation

PID (Proportional-Integral-Derivative)
Type | (Integral)
Type |l (Integral-Proportional)

Type lll (Integral-Proportional-Derivative)
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Tvpe lll Compensation

@y +jo Ri+R, o+ o

Type HI G = _ _
Vref ® op+jo R o+ jo

Ucéut Gain 4

Veomp U1
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IR
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A Type lll Implementation

G + Gea magnitude and phase
[dB, deg]

Vref
Vcomp i +'f 4.12k Vout
5 Jl\/..'\/ o

205k 2.7n L }_I
FAAAFAAA

R2 (2 R3 C3
150 6.8n
Magnitude H
' ' Gl
220p
-10 210 R
1E+2 1E+2 1E# 1E¥ 1E6 1E+
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Putting the Loop Together

Gy0p Magnitude and phase [dB, deg]

A typical loop gain plot for

270

Magnitude Phase

] voltage-mode control with

90 Type lll compensation.

¥~ Phase margin

7 + 0
Important parameters:
+ 90
25 -  Cross-over frequency
Cross-over L 180 .
frequency * Phase margin
-50 - 270 . G . .
1E+2 1.E+3 1E+4 1E+5 1E+6 1E+7 ain margin 8o
Frequency [Hz] e’
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Closed-Loop Output Impedance

Unpowered, open-loop, closed-loop £,y
|_ | magnitude [Ohm]

Vaw | (ﬂﬁ-lj-ml' ‘PQ?JE\I’ : T Vout 1.E+1
[ ¢ 7] 1E+0
§Ft=w | | glluad 1E1 4
| ESR |
| | 1.E-2 1
|
:_ ) 1E-3 -
; 1.E4
1E+2  1E+3 1E+4 1E+5 1E+6 1E+7
7 (f) Frequency [HzZ]
Z (f) = —2openboop 8 o
out—closed—loop - 2.
1+Gbap(f) UBM
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Line Regulation
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Il. Dynamic parameters of DC-DC converters from a

system’s perspective
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The Reverse Pulse Technique
Step response [V] ——— =0

Assumptions:

* PDN is LTI

« Random current steps
* Bounded step size

At,

*"1”'1 | -+ Bounded step speed

T Log time [sec] -
Edge of step stimulus U|§M
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The Reverse Pulse Technique

Worst-case positve response [V]

Worst-case peak- Vo=V -V +V, ===
to-peak transient: - - t -
i A
Ve =27V, - Ve I ) Yt [ 5

Step response [V] At,

Vb= Al ===
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Impedance magnitude [ohm]
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Noise vs. Impedance

Profile

1.E-01

Freguency [Hz]

~

M

1]

L

Worst-case transient;
R-L: 10 mVpp /A
ultipole: 15.7 mVpp /A

Big-V": 21.4mVpp / A

1E-0 j‘\:H?tep response [V]

iy

Time [sec] —— T

1E9 tE3 1ET7

PDN Comparison

with Voltage Positioning

1.2E-02
1.0E-02
8.0E-03
6.0E-03
4 0E-03
2.0E03
0.0E+00

1E6 1E5 1EA

UBM

Electronics



Frequency [Hz] -

N

Mg

Worst-case transient;

Multipole: 25 mVpp / A

R-L: 19 mVpp /A
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Ty,
\J_E_mngap response [V]
1E+3 1E+4 1E+5 1E+6 1_E+Tx‘x1_E+B“-\K

E01 | PDN Comparison
with high DC gain
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4 1.0E-02

5 4 B.0E-03
A

¥ 4 6.0E-03
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1.E+0

Impedance magnitude of two non-matched parallel
capacitors johm]
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Impedance magnitude of two matc hed parallel

capacitors [ohm]
1.E+0 . I
C1=100uF R2 = 3mOhns ' !
R1 =5 mOhms L2=1pOnH " C1=100 uF
/R1 =32 mOhms
1E1 R2 =32 mOhms
L2 =100nH "
1.E-1 1.
Z,=|—=R =R,
C, .
1E-2 ,
Zina
1E-3 1E-2 | L1 P
1E-3 1E-2 1.E-1 1E+0 1E-3 1E-2 1.E-1 1.E+0
Frequency [MHz] Frequency [MHz]
it %
o0 00
[ 1 ] [
......
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lll. Output impedance of DC-DC converters

00 0o
o0 0o
o0 oo
... ...
Electronics

35



ﬁ-: -

r' 3 ..'.

WHERE CHIPHEADS COHHECT g

Open-Loop Output Impedance

Vsw | Vout
Open-loop £,, magnitude [Ohm] | tmH 5m | —k B
o R —— T e e N : |
Cument mode Rsw 100p Zload
\f,,.r 10m | i
1EH) i . . . | 5m |
| E'é'.L|
1E-1 - [ |
1.E2 A -
\Voltage mode
1.E-3 .
1E+2  1E+3 1E+4  1E+5 1E+6  1E+7
Frequency [HZ
requency [Hz] UBM
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Closed-Loop Output Ipedance

Impedance magnitude [ohm] Impedance magnitude [ohm]

1.E+1 1.E+1
140 kHz
1.E+0 - 1.E+0 -
250 kHz

1.E1 4 1.E1 4 -

1.E-2 1.E-2

1.E-3 1.E-3

1LE*2 B33 1LEx FPE3h “TEMe 1.EX 1LE*2 B33 1LEx FPE3h “TEMe 1.EX

Frequency [HZ] Frequency [HZ]
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Closed-Loop Output Impedance
vs. Crossover Frequency

| mpedanc e magnitude, 44 [Ohm]

1.E+0

1E-14

1.E-2 T

1.E-3

— Simulated OM
—Measured OFF

— Measured Of

1E+2 1E+:3 1.E+4 1E+5
Frequency [Hz]

1.E+E

1E+7

Simulated loop gain magnitude and
phase [dB, deq]

60 180
. -
40 - Magnitude 1 135
+ 90
20 1
T 45
0 -
+ 0
2 S 1 45
40 -90
1.E+2 1.E+3 1E+4 1Ex5 1.E+6
Frequency [Hz]
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How source impedance influences output impedance

UBM
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Impedance magnitude at Vin = 3.3V [ohm]

1.E+0
1.E-1
1E-2
1E-3 =
3.0
1.E-4 4]
1-E+7 )
1.E+6
1E+5 0 ;'U
1.E+4 ]
Frequency [Hz] 1.E+3 00 Load cument
1.E+2 [A]

Vout = 1.8V, 4A max rated current

e
T a5

Output Impedance, Vin=3.3V

Impedance Magnitude, Phase [ohm, deg]

1.E+0

1.E1 4

1.E-2 A

1.E-3 - *: |
- Magnitude

3.5A

-100

Phase —» L 450

1.E4
1E+2

TEtS TEM 1ED
Frequency [Hz]

1.E+6

40

-200
TE+T
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Impedance magnitude at Vin = 5.0V [ohm]

Output Impedance, Vin=5.0V

Impedance Magnitude, Phase [ohm, deg]

1E+0 . ! ! ; 200
Phase g
T+ 150
1.E+0 3.5A 1 100
1.E1 =y - 50
1E-2 L
1E-3 35 L
0 1E2 - =0
1.E-4 L 100
1.E+7
- 150
1E+5 ; -+ Magnitude
1 E+4 - 1.E23 200
Frequency [Hz] 1.E+3 0.0 Load cument 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
1.E+2 [A] Frequency [HZ]
és o9
2,
Vout = 1.8V, 4A max rated current UBM
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Output Impedance vs. ainPha"”

Impedance magnitude, phase [ohm, deg] Gain-Phase plot [dB, deg]
1E+0 . : . : 100 200
L 75 + 150
»
B + 100
1.E1 1 %
: - 25
+ 50
+— Magnitude TO
1 95 0 . i .}S T 0

1.E2

| 10 - T 20
b 20 Magnitu:ief | \\A"M

A g T -100
1.E-3 100 40 150
1.E+2 1.E+3 1.E+4 1E+5 1.E+B6 1E+T 1.E+02 1 E+03 1.E+04 1.E+05 1.E+06 1.E+07
Frequency [HZ] Frequency [Hz]
3 3
2,
Vin = 3.3V, Vout = 1.8V, 2A max rated current UBM
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Output Impedance vs. Time Domain

Impedance magnitude at Vin = 3.3V [ohm] Impedance Magnitude, Phase [ohm, deg]
1E+0 . : : . 200
230 mOhm s
+: 19
at 24 kHz
"~ 100
1.E1 - o
*+—r— Magnitude L0
1E2 - T
1 100
1 150
Frequency [HZ] 1E+3 9 Load current [A] 1.E-3 b -200
1E+2 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Frequency [Hz]
8 82
Vin = 3.3V, Vout = 1.8V, 6A max rated current UI.3.M
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ﬂ gamv  |I[ E h 214my |
i 46my }: : 110my :

1App excitation : 92 mVpp I 1App excitation 214 mVpp
current, 1 kHz, . response on | current, 24 kHz, = response on

3.5A average the output 3.5A averagel ~ the output

’ ~ |
i
& Aoy o ol s opra . e 1

I

|-I|I'"l. q"'i""—""'u"l' "V‘—“““‘—"'“ifll\l
:u\
|

I
|| I| |I
@ 100mvia UM 200us Chi s 350myi|SIE- ook

Vin = 3.3V, Vout = 1.8V, 6A max rated current
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Impedance Across Inpt

Impedance magnitude, phase [ohm, deg]

1.E+1 100
0A TN 1.0 onm/,“d_ 5
1E+0 . . a0
/ L 25
1.E-1 - - O
- 20
1.E-2 - - a0
1-E_3*—A Magnitude TR ::_EE:ED
1E+2 1E+3 1E4 1E+5 1B 1 E+S

Frequency [Hz]

N7 [Tt
Bl i

Impedance magnitude, phase [ohm, deg]

Vin = 3.3V, Vout = 1.8V, 4A max rated current
Peak increases with load current

1E+1 100
4A 3.3 0hm
75
1.E+D . . . . 20
// - 25
1.E-1 4 0
- 20
1.E-2 - a0
o \ - L 75
Magnitude Phase ——
1.E-3 — 100
1E+2 1TE+3 1TE4 1B+ 1.BH6 1E+XT
Frequency [Hz]
§$ i
2,
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Input vs. Output Impdace

Impedance magnitude [ohm] Impedance Magnitude, Phase [ohm, deg]
1E+1 1.E+0 T T T T 200
‘/ OFF magritude L 150
Converter A X 5
it I e G L i : - - 100
input I \ 1EA 4 , |
Source - L =
1.E-1 - - 0
1E-2 - e
1E2 L 100
- -150
OM magnitude
1.E-3 1E-3 -200
1E+2? 1FE+3 1E+4 1E+5 1E+ 1E+7 1TE2 AERd AMEE 1B AEie N EW
Frequency [HZ] Frequency [HZ]
H I
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Impedance Model of Sourcellnput

R1 L1

24m Tu o

24 V1 150 i
- ;

DC R2
16m

AV AV Vi R
Y. = = = — - -
Al Vout livad  _ Yout livad 7 Vout lioad vt ss &
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Input Peaking: The Solution

Impedance magnitude at Vin= 3.5V [ohm] Impedance Magnitude, Phase [ohm, deg]
LE ' - - . 200
OFF magnitude —» L 150
Ll
- 100
1.E-1
- 50
1.E2 - Lo
1.E-2 Sk
2 - 50
25
1.E-3 - -100
'I_E+E'1 C46 . ON magnitude |-
T 1E+5 - 05
T D 1.E—3 —EDD
1 E+3 Load current
Frequency [Hz] 1 E+2 [A] 1E+2 1E+3 1EH4 1E+5 1E+#6 1Ex7
Frequency [HZ]
330 uF 25 mOhm polymer capacitor across input UBM

Electronics

48



P |
r’.Ar 3

3 6 /5

WHERE CHIPHEADS CONNECT

I‘\“Ilf‘ultiple Converters in
Parallel
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* In Multi-phase systems, each
phase must share current.

* Current share eases design
requirements on each phase

 Current share is both a static
and dynamic requirement.

Multiple Converters in Parallel

— O>»O0r

' .
-:

o

®

®

CURRENT_SHARE
BUS

.. 8.
0 @O0
oo 00
0 oo

... ...

Electronics

50



WHERE CHIPHEADS CONHECT . ﬁ o o (G

Multiple Converters R

* In a multi-phase system, each phase can be
represented by its Thevenin equivalent

* This allows the system to be simplified into the parallel
combination of source impedances, Z..

1_1, 1t 1N
bs &y by Ly 4

2,
UBM
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ﬁgﬂ

Multiple Converters in ParaIIeI

 The power system and load share a common voltage
(across the load). At medium frequencies the

impedance of the passive output network scales with
the number of phases.

A
Or ﬁ

N-Zs=Z,

Electronics
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Multiple Converters in ParaIIeI

 So what does this mean?
N-Z.=1Z,

* ... the dynamics of a multiphase system can be scaled
to the dynamics of a single phase system with load
impedance, Z,, scaled by the number of phases!

°g_ o
UBM
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Impedance magnitude, OFF [ohm] Impedance magnitude ratios, OFF [-]
1.E-1 14
1.2 -
1 =t
0.8 -
1E-2 | X2
00 [/
04 - /
0.2 1
1.E-3 0 T . .
1.E+3 1.E+4 1.E+5 1.E+6 1.E+7 LEES 1.E+4 1.E+5 1.E+6 1L.E&F
Frequency [HZ] Frequency [HZ]

00e,
00 0o,
(X1
(Y 1 M

UBM
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Supplies OFF — Mam Pomts

* For low frequencies, OFF impedance scales with
number of supplies added

* As frequency increases, series parasitic inductance
between supplies isolates supplies, so parallel
supplies have diminishing effect.

 What happens when the supplies are turned on?

°g_ o
UBM
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]
Supplies ON, 5A Load
Impedance magnitude, ON, 5A [ohm] Impedance magnitude ratios, ON, 5A [-]
1.E1 T 6
5
X1
X2 4
X2
1E2 - N 3
X3
2 N
1 _
1.E-3 0 ; | |
1.E+3 1.E+4 164 1.E56 1.E+7 1.E+3 1E+ 1.E+45 1E+6 LEAT
Frequency [HZ] Frequency [Hz] TEET
UBM
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Supplies ON, 15A Load

Impedance magnitude, ON, 15A [ohm] Impedance magnitude ratios, ON, 15A [-]
1.E-1 . : . 4

X2
1.E-2 s
1.E-3 0 | ‘ \
1.E+3 1.E+4 1.E+5 1.E+6 1.E+7 1.E+3 1E+4 1E+5 1.E+6 1.E+7
Frequency [Hz] Frequency [Hz] . .
°s oo
R,
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Supplies ON — Main Points

- At low frequencies the high DC loop gain establishes
very low impedance, which gets masked out by
residual connection resistance - no difference in
single, two or three phase plots.

* As frequency increases, loop gain decreases, and
impedance distributes according to passive
impedance of each phase.

- At high frequencies, parastics dominate. 3 3
UBM
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e g.ﬂ,

Multiple Converters in ParaIIeI

« What about the time domain?

« Switching of paralleled converters are typically phase
shifted by 360°/N, where N is the number of supplies

- Do we see similar scaling in output voltage ripple?

°g_ o
UBM
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File Edit Vertical Horizfacq 1Trig Display Cursors Measure Masks Math MyScope Utiities Help File Edit Vertical HorizfAcq Trig Display Cursors Measure Masks Math MyScope Utiities Help
Buttons

Ch4 Offset
0.0v

Chd Offset
PR UL

Ch4 Scale

Chd Scale
5.0

File Edt Vertical Horiz/Acg Trig Display Cursors Measure Masks Math MyScope Ltiities Help

Cha Offset
0.ov

Chd Scale
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Vout Ripple Scaling

 Dominate contribution of Vout ripple is inductor ripple
current multiplied across output capacitor ESR.

\ =1, eESR,

out_ripple Lpg_pie out

- By phase shifting the switching by 360°/N, effective
switching frequency increases, resulting in a decrease
in Vout ripple.

- What if phase shifting is disabled? UBM
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File Edit Vertical Horiz/acg Trig Display Cursors  Measure  Masks  Math  MyScope  Utilities  Help File Edit Wertical Horiziacg  Trig Display Cursors  Measure  Masks  Math MyScope  Utiiies  Help

Ch1 Offset : : : : : 3 3 3 Ch1 Offset

Ch1 Scale : : ch1 Scale

UBM
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Why multlphase’?

* When properly designed, current is divided between
phases — makes design of 30A+ buck converters
realizable and cost effective.

* Distributes the thermal loading
« Small, cost effective inductors

« Output impedance scales with number of phases added.

 When phases are phase shifted, Vout ripple scales W|th

number of phases. %,
UBI\_/I
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Digital Control

64
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Digital Control

 Digital Control is rising in popularity

- Many different techniques, but same basic result
— produce PWM pulse using digital techniques.

- Analog control uses analog filters in control loop;
Digital control uses digital filters, which combine
current and historical gained values.

2,
UBM
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Advantages to Digital Power
* Programmability/Configurability

« Software and Hardware
* More sophisticated algorithms
« Control

* Monitoring

« Components
- Storage

« Math operations

* Numerical Stability (e.g. drift)

« Calibration
» Silicon Processes

 Resistance to noise

WHERE CHIPHEADS CONHNECT

100 pf

Reduced component count
Higher Density

Lower (system) cost

Better reuse

Faster time to market

MCU  AD Pad
UBM
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Analog PWM
Controller

* Analog
 Well understood

Latch

e

External_control and
compensation components

» “Textbook” Digital
DSP — brute force=$

_|

_
;mé .

<
o O
o B
?_? Digital PWM
Power | »| Controller [ Controller
Management — " | Interface
]
Vg
+ 3 =
|—< ADC L_ e» DSP > DPWM [— w
> 9 (Z) s E
[
nan>>=
naownd c>r') = <D( d ?c'
N n h
% % é é % % i % %‘ Digital-DC™
Power Serial Controller
Management Interface

!

* Power Optimized Digital

'J . L] .
V0P oack (3 Jo el (o 2% *DPWM Hmgplrow,,  ©  Efficient compensation s
V1 A comp g_:;er Jq —|— | é.s s.i
=0 « Strap configurable
| o UBM
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Digital PID Fllter

A+ Be ™ +Ce™

> (7, =
Inpm / \/ a E—S‘T (l . {?_ST)
Output

x(n- 1

LN—A/ ‘@

SR
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, A 4+ Be ™ +Ce™

G, =

o7 (l _ o )

* A, B and C are gain coefficients for various “taps”.

* First term in denominator is due to delays in signal
path

* T is the switching frequency of the PWM

2,
UBM
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Digital PID Filter

* Digital PID compensator has two Zeros, a pole at
zero and a pole at infinity.

 Two zeros can be either real or a complex conjugate
pair.

* Not limited to just real zeros like in a Type lll analog
compensator!
UBM
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Other Advantages...

- Compensation values are stored in digital registers
— no need for solder iron to change compensation!

- Automatic compensation algorithms — controller
can automatically characterize and compensate
plant.

* Non-linear control algorithms can easily be
implemented.

0 Oo
o0 oo
o0 oo
......
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What is Non-linear Control’7

* Fast control loop which by-passes normal, slower,
PID control loop.

- Many ways to implement — one example is a
threshold based approach.

* Net effect is to increases effective control loop
bandwidth.

°g_ o
UBM
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Without NLR
Tout ' Tout Step Change
. e . amn o of
I— > fime '33'
UBM
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* Neat, but does it show up Iin output
impedance measurements?

SR
UBM
Electronics
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Small-signal Impedance magnitude [ohm]
1.E-1

unpowered

NLR OFF, NLR ON
1.E-2 1

1.E+3 1.E+4 1.E+5 1.E+6 1.E+7
Frequency [HZ]

UBM
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* No, not in small signal output
impedance measurements.

- EXxcitation signal is not large enough
to excite NLR response.

« What about time domain?

2,
UBM
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File Edit Vertical Horizfdcg Trig  Display  Cursors  Measure  Masks  Math  MyScope  Utiities  Help File Edit Wertical Horigidcg  Trig  Display Cursors  Measure

Masks Math MyScope Utilities  Help

ch1 Offset 3 3 3 3 Ch1 Offset
Ch1 Scale 1 . . .

Ch1 Scale

500

* 33% Reduction in output deviation with NLR! HE

UBM
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* V. Measurements, Modeling, Simulations
* Measurements
* Modeling, simulations

UBM
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Gain-Phase Measurement

ES061B with option 3L5

Vin

T ] L]

: Cin
2 Error Amp.

(<7 I Pwﬂ]
; ‘-.-’refg

Power :

supply ! b :
i C3 :
| c2 i
! ' R5 e 2 Connect to
: cgrﬁr—gﬂ%r ! 500 E : s e | thqtssis END
| - 3 (optiona
! under test ., ., | D
i :H:?,’ | - Port-T: Zin=1 Mohm
| " : / Port-R: Zin=1 Mohm
: : TP1

Electronics
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Gain-Phase Resuls (1

Loop gain [dB] Loop phase [deq]

1.0E+02 10E+03 1.0E+04 1.0E+05 1.0E+08 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
Frequency [Hz] Frequency [He]

X ) [ 0
0 0o
o0 oo
%0 oo
......
Electronics

80




WHERE CHIPHEADS CONHNECT

Gain-Phase Resuls (2

Error amplifier

saturation

R level [dB] T level [dB]

=100
=120
140 S0
1.0E+02 1+013 1.0E+04 1.0E+D5 1.0E+08 10E+02 1.0E+03 1.0+ 1.OE+D5 1.0E+06
Frequency [Hel Frequency [He]
Instrument i %
: i &
noise floor
Electronics
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VNA

z'-.-'hlul".

6‘[; Port 1

WHERE CHIPHEADS CONHECT

Reference plane
g [

Coaxial
cable

Measuring Low Impedances
The Problems

Problems with one-port
Impedance measurements:

» Discontinuity is in series to
the unknown low impedance

 Reflection reading is not
accurate for large reflections

DUT f‘gzx
|




The Solution

VNA
].-"\I z:.l.:ru||:|:!i:.l||z:::.l|||||.~::|=-::-||
Wy Hd -
= PDTE I Coaxial
ransmitter cable

?
:

Receiver
Part 2:

Coaxial
cable

Benefits of two-port impedance
measurements:

» Discontinuity is in series to
the 50-Ohm VNA impedance

- Small DUT voltage is
measured by a separate
input (Kelvin connection)

2,
UBM
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Measurlng Full Systems (1)

|
—
'_.

b

| é‘-
.- :
=

"
E.
-

Ferrite isolation with DC power splitter with $ .
grounded ports floating-ground inputs .8
UBM
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> -

Measuring Full Systems
Impedance magnitude [Ohm] Impedance magnitude [Ohm]
| E*D T Y Y ¥ T T 1 E*’D T T T T T T T ]
1.E-1 1.E-1 1
Fl,:l-‘“g[ |':|FF P onnar O
1E-2 - 1E2 Power OFF
1E-3 1E-3 4
\Fa-.'.war-::lr-l
1E-4 - 1 E4 -
1.E+02 1 E+03 | E+04 1. E+05 1 E+06 1 E+07 1.E+08 1.E+09 1 E+10 1E+02 1E443 1E+04 1 E+05 1.E+06 1 E+07 1 E+08 1.E«00 1E+10
Frequency [Hz] Frequancy [Hz]
Correct reading with Incorrect reading %80
ferrite isolation without ferrite isolation UBM
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Freguancy Responsa
Anatyzer or Vector
Mtwork Anatyzer
with two input
channsis

e oy

COC-0C
convartar

UBM

Electronics



WHERE CHIPHEADS COHHECT _ £ ﬁ e

Load Transient Measurement

Transient load
CH1
COecilloscope i J o
cHz [ ] 'JEF.H
= DC-0C
.|. — NMC S converter
R2 R1
10k 01
Square-wave
source
s oo
SR
UBM
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Dﬁ'llm% UFE -

o | Multi-
gsponse

| testing L Purpose
Frequency

ianzac Mk Test Setup

" 2
.|._J'.il"

Current injection
transformer

= __}5. _

3 ,‘,’/ ‘ T.[al‘ncm joad HE
#. v - = R

| y UBM
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Connection to DC
Converter electronic load

Connection to input
bench supply

Large-Signal
Output
Impedance
Measurement

Setup

5 En‘lrigi’d rE'El sturs ..OO..
coax cables UBM

- 1 EleCtrOniCS
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Impedance magnitude, 1A [Ohm]

1.E+0 . . T Sma"'

— M easured small
signal

— Measured large Signal VS-

signal

1E-1

Large-

Signal

Output
Impedance

1E-2 A

1E-3

1E+2 1E+3 1E+4 1E+5 1E+6 1.E+7 S
Frequency [Hz] o
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ulil'

Output Impedance from Step

Response
 The noise transfer function is
IIoad /
¢ Vout IIoad
 The Fourier Transform of the
v transfer function is the
DUT l out Impulse Response
* The Step Response is the
integral of the Impulse

Response 2,5
UBM
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I
SRR T Step
s Response

Step response

___1App excitation _ij
- current, 1 kHz, !i
1.5A average f.

MRl 2. 00mVE,

Signal [ 2SF " ‘ ol e ‘ b ‘ ,“,‘I,,I' UBM

ol {75 Ditton
A1
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TE+H) 7

1.E-1 1

T.E-2.7

Z

out

WHERE CHIPHEADS COHHECT

from Step Response

|mpedance magnitude [Ohm]

1.E-3
=

1.E+3

1E+4
Frequency Hz]

1.E+5

1E+8

* Blue trace:
small-signal Z_;

* Red trace: Z_;
from Step
Response

( X )
UBM
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Conclusions

For linearized behavior

Dynamic converter parameters can be based on the Gain-
Phase function

Output impedance is a good measure for dynamic response
Output impedance can be measured or simulated by

Swept-sine small signal

Swept-sine large signal

Derivative of the Fourier Transform of the Step Response

Source impedance can greatly influence output impedance

Output impedance can go above OFF impedance (peaking) fer::

several decades beyond the crossover frequency UI.3.M

Electronics
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Conclusions (continued)

- Paralleled converter outputs will
* Reduce output impedance proportional to the number of phases
* Not change crossover frequency

* Nonlinear control can reduce the magnitude of
instantaneous transient response

« Gain-Phase and output impedance measurements can
be achieved with a unified setup

0 Oo
o0 oo
o0 oo
......
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art 1I: Power Filter Network and

. its Effect on DC-DC Converters

Kendrick Barry Williams, Oracle-America Inc.
Istvan Novak, Oracle-America Inc.
Brandon Howell, Intersil Corporation

Chris Young, Intersil Corporation
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......

fntroductlon and Background Information
D‘ Converters Introduction
A I§ower Filter Introduction

A.

. DC Converter Specifications

. fllter Specifications

- The DC Converter Application
* Cross-Over Frequency

UBM
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/ (ﬂ‘ltl U ed)

pwer.ErrH'er Application
Jlter,input Impedance, converter looking toward the load

6

Filter input impedance, the load looking toward the converter
5_f ter Inductor

all ﬂctual Circuit Used and Measurements
. Added Bulk Capacitors Removed
Summary

......

UBM
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......

fntroductlon and Background Information
D‘ Converters Introduction
A I§ower Filter Introduction

A.

. DC Converter Specifications

. fllter Specifications

- The DC Converter Application
* Cross-Over Frequency

UBM
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5
5 ;‘««"’.,

KD %
@ Sensitive circuits need reduced noise levels —

<1

less than S mV Pk — Pk

RS
e

@ Chips with PLL circuits operating at
frequencies of 1 MHz and above
UBM
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6’ Gapped Inductors for larger currents > 6 Amperes

® Need for low resistive loss to keep efficiencies high

e Small Size g
UBM
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Gapped

Inductors
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-k
(5]

\

10

20 30

DC current(A)

Ferrite
Beads

Impedance (©2)

Impedance (£2)

70

70

60

50
40
30

20
10
0

Z vsFroquenc% A
Impedance Under DC BIAS.

1 10 R l‘(l)O

Frequency (MHz)

Z, R, Xi vs Frequency

10 100 1000 10000

Frequency (MHz)

102

1000

...
20
i
......
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T R12
4,

ﬂinportant Things About Inductors

|+ p
Signal Inductors are very sensitive to DC bias

rrents

Power Line Ferrite Beads
Resistive value decreases with increasing current
Inductance decreases with increasing current

Not all ferrite beads are created equally! § &
UBM
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100

—
=3

Impedance f ohm
—

=]
P

=
=
—

The effects of DC
bias is dependent on |

1e-05 00001 0001 001 0.1 1 10 100 1000 10000
Frequency / MegHz

the materials used

in the manufacturing

of the product Not all Suppliers
provide DC Bias
Information!!

Ferrite Bead, 30 Q
Red, DC Current = 0.0 A
Blue, DC Current=1.8 A

UBM
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£ ¢ cotild of course use a big power inductor !!

LT S
10

o The larger inductors
N behave more in

"\‘1.0 pH
X< 0.68 pH
|

9o line with OUr
expectations

Inductance (pH)

0.1

0.1 1 10 100
Current (A)

o0 Oo

o0 00
0 oo

......
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4.

"" I :
, Mupphes — Where is the Industry going?
e

tegrated Power Solutions

*/ o FETs and Inductor integrated with controller
Jy«@ Compensation loops integrated with the package
~ “® User adds voltage divider to set output voltage

\‘.‘-

_Digital Control Systems

e PID Controllers offer a means to alter the
behavior through firmware instead of added
components.

o0
i
UBM
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Typical Buck Regulator
Non — Isolated 10 Amp
15 mm x 15 mm x 3.5 mm

What information do we Fllll)ll);)ll(ljteg:atled,
need to know about this ontro
regulator?

UBM
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Basic DC Converter Implementation
UBM
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The converter vendor does

4
il
4 al

R>5

< Input Voltage Range
«.=" Output Voltage Range
Output Current
Switching Frequency
Line and Load
Regulation

Set Point Accuracy

provide information about:

The converter vendor does not
provide information about:

Type of Controller:
Voltage Mode
Current Mode

Bandwidth of Loop
Compensation

Cross — Over Frequency

Output Inductor & DCR

°® 0o

o0 00
0 oo

......
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WHERE CHIPHEADS CONNECT - & 7S~

R12

["' ;
-

{
/
4

} ,-.-;udi
o iﬁr Requirements, What are they?

Vendors in general
don't provide
information on
what the max
noise voltage that

A

0v- 0C- 0

can be tolerated, 0.01 0.1 1.0 10 100 MHz
nor the frequency
range needed Attenuation Requirements ???

110
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A ~ ‘ R1
1ltwRe ulrements — General Rule of Thumb
Assumed Filter Requirements
Remember!!!! ,
Assumptions
F General Rules of Thumb
make certain assumptions 1. Nominal Noise Voltage of 1ImV

that may or may not be true!
2. Attenuation -20dB/decade

3. Corner Frequency 100 KHz
And 100 MHz

UBM
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. Converter— PDN

Flat Region resulting from

¥ P several different types of
r’,iliig “V»PDN Flat Z PDN capacitors
| Impedance [Ohm] Impedance [Ohm] /

K4 122 \‘ 10 \ /
LN IR
\ 0.1 \ /

01 D | \\L
0.01 \ /— 0.01 /

N~ |
|
0.001 ! 0.001
16402 18403 1Es04  1E405  1E406 18407 16402 1E+03  1E+04  1E405  1E+06  1E+07
Frequency
Frequency N e
o0 [ 1)
e o
usage of many of the same LI 2
capacitor UBM
Electronics
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......

PP | Rz Ry

 Con gtr — Target Impedance

Impedance [Ohm] Target Z
10 //
1 \\ /
0.1 _\/<
0.01 /
0.001
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
Frequency

Impedance [Ohm] Target Z

100 4
d

N \‘\ //

1 ~ / 90 mV -18 mV =72 mV
0.1 V\
oor P = == ..(_ -x-/_/

N

Ripple Voltage =37.5% or 27 mV

0.001

1E+02  1E+03  1E+04  1E+05  1E+06  1E+07 Tal'gEt Z =27 mV/1.200A = 22.5 mQ2 8o
UBM
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R12

o —
Y / j ) C&nv ter Loop Cross — Over Frequency Problem

9 6 /%

Issues:

An integrated regulator.
+ No information about the internal inductor.
2 No information on the type of controller.
224 No information about the loop compensation

- e
k" o8

—5{ Modulator —»{ Output filter —— Solutions:
- b
z
Nyt load Ask the vendor or....
ref i
Cm:g:;jf‘k‘w” Assume both Voltage Mode and
Current Mode Controller S
Error o oo
amplifier See®

UBM
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J— f‘, T R 12
nating#The Cross — Over Frequency For a Current Mode Controller

.-'I 5] ¢/ U
[ a0
#/—. k \\‘,. by

/

/]
¢ Estimated Corner Frequencies
v |

- Fcl =1/ ((D Rload Cbulk)

S5

2 F,=1/(0 Risr Coui )

Vi e 4.

£

Estimated Error Amplifier Gain

0dB @ | MHz

+120 dB @ 1 Hz.

Error Amp Gain (dB)

100
Estimated Gain Needed zg
40
Gain Needed ~ 10((120-G)/20) 20
-20
- o 6 o
Where G = 20L0g( Vout/ Vripple ) 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 & S
%0 oo
Frequency 0g 0®
Electronics
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~ & - . -+

-

'\
560:0

/ ( owejj‘llter pplication — What is it that we need to Accomplish?
i
Just as in Signal Integrity work, we need to match the load to the source.

We also must match the source to the load.

We need to have sufficient attenuation to meet the requirement of the

target device, without gain.

We shall not cause instability of the regulator with the additional filter.

UBM
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wops |/ A .

' / ~Matching the Source to the Load
T

>
1 Vout Load
Converter —_

<

UBM
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$I R12
y F “-'

L/ | What the Regulator Will See With a Filter

)

L Rdc

TTT—AN, . Vout

| C
Zload = Ry 0aq
r ESR
rd
UBM
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. {im dd - .
2 What Will The Load See?
/ -/+'/_J : xqﬂ“f

......

- The Load
- Sees Just
C PDN ees Jus
the PDN

UBM
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'/ What The Load Sees With A Filter

L_,tt//__, ; S

|

-
R series
—— C filter = _ — C PDN
L filter
C PDN —— Do We Have a Nasty
! Parallel Resonance P
Problem ? ®F
UBM
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Y. 4 ' S 7 ' R12
7 ‘ (¥
/ le@sonance Defining Its Value
:_,t"_'//_ “ﬁ“}‘ 'l
Isn tits frequency just .. Fr= ——
wy LC
- 1 | CR?
"%;gﬁActually, it is more than that .... Fr=—= 11—
e wyLC 4 L
_,#‘ And if the radical is set to “0”, then there is no resonance!!
1
Suggesting that ... — = RYo

UBM
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7

"“-’:Igé%tual Circuit Used and Measurements
» Added Bulk Capacitors Removed
Summary

UBM
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R12 R1

DESIGN EXAMPLE --1

<!
e b

& Ripple and Noise Voltage 1 mV @ Load
Attenuation Profile
-20dB starting at 100 KHz
+20 dB starting at 10 MHz
Ripple Voltage from regulator .... .27 mV
Target Impedance
PDN — Flat Impedance Design
(1) 220 uF, Poly. Tant. ESR =25 mQ
(1) 22 uF, Ceramic, 10 V, X5SR ESR =4 m(
(1) 2.2 uF, Ceramic, 10 V, X5R ESR = 10 mQ i %

SR
UBM
Electronics
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& Design Requirements # 2:

Ripple and Noise Voltage 1 mV @ Load
Attenuation Profile
-20dB starting at 100 KHz
+20 dB starting at 10 MHz
Ripple Voltage from regulator .... .27 mV
Target Impedance
PDN — Big “V”
(1) 22 uF, Ceramic, 10 V, X5R ESR =4 mQ

(X )
UBM
Electronics
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R12 R1

DESIGN EXAMPLE --3

2® Regulator Specifications:

1. Switching Frequency

2. Controller Type ..... Current Mode (Asked Vendor)
3. Set Voltage ..... 1.800 V
4. Output Current .... 40A

5. Minimum Bulk Capacitance ...22 uF

UBM

Electronics
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R{i2

’ Error Amp Cross — Over Frequency Estimation

I o ‘/‘Qﬁ? Gain Needed = 20Log(Vout /V ripple) = 32.64 dB

c4a

F, = 1/(27:(0.45)(22 uF))=16.1 KHz F_, = 1/(2n(0.45)(242 uF) ) = 1462 Hz

F_, = 1/(2m(0.004)(22 uF) ) = 1.81 MHz F_, = 1/(2m(0.002)(242 pF) ) = 329 KHz

— . Jﬂ
K 0.5 — 0.5 —
‘ Foag = (F . )(F,y)) 170 KHz Foag = (F.)(F,))"> =22 KHz
Gain (22 uF) [dB] Gain (242 uF) [dB]
80 60 |
P S
Zg T~ ~170kHz 22 T~ ~24 kHz
o -20 ~
-20 ~. TN
\ 40 ——
-40 T
-60 -60 0 0.
16402 1E+03 16404  1E+05 16406  1E+07 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 So oo
Frequency g &
Frequency (1
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Regulator OFF, Quick Estimates of PDN Impedance,
Cross — Over Frequency, and Target Impedance

T
7zdase. #1 Bulk C =242 pF Case #2 Bulk C = 22 uF
4 i

5 ] 7-} el

KD Impedance [Ohm] Cross — Over Freq. Impedance [Ohm] Cross — Over Freq.
|

100 I

"’ \ ' | 10 \‘ 1 L/

1 | TargetZ I
\\ | | 1T Target Z\ Ny I

0.1 \ \

__-__\:\___t.,_ L. S o

re

g

0.01 0.01 I N~
! I
0.001
0.001 ' 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

Frequency Frequency s 3

’0 o0

o0 [ 1 J

... ...
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WHERE CHIPHEADS CONNECT

Filter Design

Looking From Converter to Load

Attenuation Needed is base on -20 dB/decade

Ripple Voltage =27 mV,
(Maximum Noise Voltage)(0.5)/Ripple Voltage =-34.6 dB

Specified attenuation to occur at 1 MHZ; therefore,
Corner Frequency = (1 MHz)(10(Attenuation20) ) = 13K Hz

Initial value of Inductance = Target Z/(ow F_,..) =274 nH

corner

Initial value of Capacitance = Inductance/(Target Z)> = 540 uF

UBM
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WHERE CHIPHEADS CONNECT

| S —————

| Filter Design Continued

N £ -

| ‘ Our survey indicated a need for small parts.

g

With an inductance value of 274 nH 1n a ferrite bead rated for our
J maximum current of 4 Amps is tough to get.

u

p/
LMk 1 owered the value of inductance to 120 nH which is readily available and

Bl is small, 0603 package.
In lowering the inductance, the capacitance needs to be valuated, the new
value based on the Z of the filter suggests a value of 270 pF,
220 uF has been selected, a poly Tantalum, ESR = 25 mQ.

To extend the bandwidth, (2) 22 uF ceramic capacitors were added.

Electronics




WHERE CHIPHEADS CONNECT
4 How well did we do?

6 /N

/ ",’ . 5 :
, L] j f,— T

ot

1.00E+01

.

Filter Characteristics

LIS

Kd
1.00E+00

1.00E-01

o /

Magnitude

Met the corner frequency
requirement

Virtually NO
Gain!

Met the Attenuation

factor at 1 MHz

1.00E-03

1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Frequency [Hz]

1.00E+09
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WHERE CHIPHEADS CONNECT

= The requirement is that the load should see the PDN at the
.~ regulator, this value is 22.5 mQ. We chose a 25 mQ poly tantalum
capacitor which 1s sufficient in terms of the ESR of the capacitor.

However, the tantalum capacitor turns inductive at about 1 MHz, it
needs to be countered with ceramic capacitors that will extend the
attenuation bandwidth towards 10 MHz.
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WHERE CHIPHEADS CONNECT

"'/ Total Design Solution

e +—“‘—- 1

Filter Characteristics
711, 722, Attenuation

1E+01 : 90
- mmng — anztts [T, o
~ .
70
1E+00 >0
30
10
é 1E-0] e o
= _
g
s -30
1E-02
-50
-70
1E-03 -90
1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09
Frequency [Hz]
Attenuation ——  —— Phase22 ——  —— Phasell 722 Z11

Green,
looking from
the load to the
converter.

looking from
the converter
to the load
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WHERE CHIPHEADS CONNECT

Measurements

Measurements in the
following section, were
done with the filter added

Current Mode
Controller

Regulator
Evaluation
Board

Bulk Capacitance § s
added 2.5

UBM
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R12

B Measured Output PDN — Case # 1

WHERE CHIPHEADS CONNECT

Regulator ON, 0 Ampere Load

Cross — Over Frequency Regulator

: 3 Impedance magnitude and phase
| %
— 3 [ohm, ded]
1.E+1 i 199
& 1 80
AN | /\/ﬁ/ 60
1.E+0 . T 40
\ /J + 20
1 10
) \ s g =20
 1E-1 1 40
/i 1 60
N + 80
1.E-2 i -100
1E+2 1E+3 1E+4 1E+5 1E+6 1 E+7

Frequency [HzZ]

1.E+0

1E1 -
1E-2 {1}/

1.E-3 1

1.E4

1.

Impedance magnitude and phase
[ohm, deg]

100

<+ 80

+ 60

- 40

-+ 20

+0

-20

E+2 1E+3 1E+4 1E+5 1E+6 1E
Frequency [Hz]

+7
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WHERE CHIPHEADS CONNECT

3.08mv Cursor
LF2my . Function

2.00mv s

Function Mode P
H Bars indep units

seconds
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WHERE CHIPHEADS CONNECT

R12

78/ ﬁ Measured Output PDN — Case # 2
" 1

| /f' =L Regulator OFF Regulator ON, 0 Ampere Load

Cross — Over Frequency Regulator

el /\
| ¢ Impedance magnitude and phase [0hm,/degj/ We magnitude and phase [ohm, deg]
| 1E+0 100 1E+00 T . . 100
80 o~ - 80
T 60 r 60
1E+00 1 40 1801 5 1 40
T 20 T20
1.E-01 1 - 0 1E-02 - - 0
T-20 T -20
| T -40 - -40
1E-02 1 60 1.E-03 1 - -60
T -80 1 -80
1E-03 -100 1E-04 -100
1E+02 1E+03 1E+04 1E+05 1.E+06 1.E+07 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 AT
[
Frequency [Hz] Frequency [Hz] es 8¢
......
Electronics

136



WHERE CHIPHEADS CONNECT

-------------------

AL 5.36mMV Cursor
w: 2_64mv . Function

T Time  [Amphtude] [ ..
F ﬂné:é. :,%n .’r\:?%_il_e Units Units B3-S
P seconds Base e o

......
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WHERE CHIPHEADS CONNECT

S : R12
£

j Comparison Of Measured Output PDN Case # 1 & # 2

i

Regulator OFF, Case # 2
——T_ T . -
ko *| % Impedance magnitude and phase Impedance magnitude and phase [ohm, deg]
—L % [ohm, deg] 1.E+01 100
1.E+1 100 4 80
<+ 80
NG R 1400 iy Sg
1 40 ER
1.E+0 \ /J 1 20 T 20
T0 1.E-01 1 - 0
9 1EA AN ] A T -20
160 1602 1 740
N 1 -80 T -60
1E-2 -100 + -80
1E+2 1E+3 1E+4 1E+5 1E+6 1.E+7 1E-03 -100
Frequency [Hz] 1E+02 1E+03 1E+04 1E+05 1E+06 1.E+07 % o
Frequency [Hz)] s oo
.°'oo'.'.
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WHERE CHIPHEADS CONNECT

S : R12
£

j Comparison Of Measured Output PDN Case # 1 & # 2

i

Regulator OFF, Case # 2
——T_ T . -
ko *| % Impedance magnitude and phase Impedance magnitude and phase [ohm, deg]
—L % [ohm, deg] 1.E+01 100
1.E+1 100 4 80
<+ 80
NG R 1400 iy Sg
1 40 ER
1.E+0 \ /J 1 20 T 20
T0 1.E-01 1 - 0
9 1EA AN ] A T -20
160 1602 1 740
N 1 -80 T -60
1E-2 -100 + -80
1E+2 1E+3 1E+4 1E+5 1E+6 1.E+7 1E-03 -100
Frequency [Hz] 1E+02 1E+03 1E+04 1E+05 1E+06 1.E+07 % o
Frequency [Hz)] s oo
.°'oo'.'.
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WHERE CHIPHEADS CONNECT

g : R12
£

b/ )/ Comparison Of Measured Output PDN Case # 1 & # 2
N

roll YRS
{

ator ON, 0 Ampere, Case # 1 Regulator ON, 0 Ampere, Case # 2

Impedance magnitude and phase Impedance magnitude and phase [ohm, deg]
== [ohm, deg] 1E+00 . . . . 100
1.E+0 ’ . ' . 100 80
4 80 - 60
¥ 1.E-01 1
1.E-1 las 140
+ 20
1E2 4 1E-02 { 10
129 - -20
1E-3 -40
1o 1.E-03 | 50
1E4 -20 - -80
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1.E-04 -100
Frequency [Hz] 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 R
Frequency [Hz] s o
......
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R12

. i b, ‘N
/ ﬁ;lse # 1,0 Ampere Load

-

J

. Filter appears to have a slight lift, and the corner
frequency is about 30 KHz, somewhat higher than
simulation results.

Attenuation magnitude and phase

[-, deg]
1.E+1 200

\ + 150
100

+ 50

1.E-1 | fwvoetn N\ \‘* ——1 0

\ \ {50
1.E-2 \ -100

1.E+0 v ™

WHERE CHIPHEADS CONNECT

Attenuation Measurements

Case # 1,4 Ampere Load

Filter Inductance appears to have dropped by a

factor of about 4, shows that the ferrite bead is
affected by DC bias current.

Attenuation magnitude and phase

[, deg]
1.E+1 200

1 150
1.E+0 1yl 100
1 50

1.E-1 f’"‘r\v’"‘A 1 0
T 1 50

\{ 1E-2 4100
\ M _150 4 -150
1.E-3 -200 1E-3 200 ;8 8%
[
1.E+2 1E+3 1E+4 1E+5 1E+6 1.E+7 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 '3, 8
Frequency [HZ] Frequency [Hz] |J B M
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_WHERE CHIPHEADS CONNECT

~AI3.08mV cursor
@: 1.72mv Function

Al 6404

1 Cursor
@: 480y | Function

Paired

Functio

U Bars Units

seconds
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WHERE CHIPHEADS CONNECT

Py

1 [

a M oving The Converter Sense Lines

« All the measurements made thus far, have the sense
lines connected at the filter.

_ What if we move the sense lines to a point after the
. filter components, would we see any difference in
performance?

UBM
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WHERE CHIPHEADS CONNECT

R12

¢ selnvestigation o "the movement of the sense lines begins by first looking
‘ .":r ?t/[‘re oﬁw impedance of the regulator, that is at the bulk capacitors.
ca

T ~ Regulator OFF Regulator ON, 0 Ampere Load

e

Impedance magnitude and phase [ohm, deg] Impedance magnitude and phase [ohm, deg]

1 1E+01 100 || 1.E+00 . 100
1 60

1.E+00 - '/Jd. 40 ’//A\\ // 60

/ 1E-01 M 40

1 20

™~ + -40 1.E-02 1

+ 20
1E-01 \ 0 M "
\ - 0
L -20
1.E-02
Vs
4 _80 + -60
1.E-03 -100 1E-03 -80
1E+02 1E+03 1.E+04 1.E+05 1.E+06 1.E+07 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 |}
)
Frequency [Hz] Frequency [Hz]
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WHERE CHIPHEADS CONNECT

___
......

/ R12

ouAV I w —"-’ |
i ,(v' . paﬁ\(_e Dutput Impedance, Before / After Sense Line Change

2

-« Regulators OFF
//Sense Lines Before Filter Sense Lines After Filter
Impedance magnitude and phase Impedance magnitude and phase [ohm, deg]
[ohm, deg] 1.E+01 100
— 1E+ 100 1 g0
/“/_“ a0 ~ leo
+ 60 1.E+00 A
\ 1 40 / + 40
1.E+0 i + 20
120
\ /J i 1.E-01 AN 0
AN ra S 20 \ / T2
1.E-1 L _
’> T 40 1.6-02 AN 40
1 -60 - -60
N 1 -80 _/ - -80
1.E-2 -100 1E-03 -100
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+02 1E+03 1.E+04 1E+05 1E+06 1E+07  Js
Frequency [Hz] Frequency [Hz] :.:
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', ' R12

Impedance magnitude and phase

[ohm, deg]

WHERE CHIPHEADS CONNECT

100

uﬁ

—80

1.E1 W
M M | 60
1.E-2 “A 40

1.E4

+ 20

HIZ

fo

-20

1.E+2

1.E43 1E+4 1E+5 1E+6

Frequency [Hz]

1.E+7

Regulators ON

paﬁ\(e Dutput Impedance, Before / After Sense Line Change

Sense Lines After Filter

......

Impedance magnitude and phase [ohm, deg]

1.E+00

100

1.E-02

1.E-03

ol
v

o
N/
W

- -60

-80

1.E+02 1.E+03

1.E+D04 1.E+0S 1.E+06 1.E+07 1

Frequency [Hz]
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', ' R12

:}‘f‘SE"n'se Lines Before Filter

WHERE CHIPHEADS CONNECT

paﬁ\(e Dutput Impedance, Before / After Sense Line Change

- Regulators ON, 4 Amp Load

Sense Lines After Filter

......

Impedance magnitude and phase [ohm, deg]

| 1.E+00 .

1.E-01 M

.

1E-02

N

1E-03

7

1E-04

Frequency [Hz]

-50

1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

Impedance magnitude and phase [ohm, deg]

1.E+00

1E-01 -

1.E-02 1

1E-03

- 80
- 60
- 40
- 20
- 0

- -20
- -40

1E-04
1E+02

1E+03 1E+04 1E+05 1E+06 1E+07 |

Frequency [Hz]

100

-60

Z s
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WHERE CHIPHEADS CONNECT

......

', F R12

pam\(e Attenuation, Before / After Sense Line Change

- Attenuation, 4 Amp Load
/Sense Lines Before Filter Sense Lines After Filter
Attenuation magnitude and phase Attenuation magnitude and phase
[_l deg] [_1 deg]

1.E¥1 200 iHE 1 200
N + 150 + 150
1.E+0 - 100 1.E+0 1+ 100
+ 50 + 50

1.E-1 Qe 0 1.E-1 LAdmn 0

\ + -50 | ‘\ +-50
1.E-2 \\ A -100 1.E-2 \

-100

+ -150 + -150
1E3 -200 1.E-3 -200
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+2 1E+3 1E+4 1E+5 1.E+6 1.E+7
Frequency [HZ] Frequency [HZ]
ubivl
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WHERE CHIPHEADS CONNECT

K 74 &>
” ‘ ’l‘F pa%ve At enuation, Before / After Sense Line Change

]

7/- ¢ Ripple Voltage Attenuation, 4 Amp Load

‘ Sense Lines Before Filter Sense Lines After Filter

Argqopy  J Cursor S , . A:rs40puv | Cursor
@: 480pv | Function : @: 320uV Function

— e [Ampltude] ”"ime‘implue
Fﬁné:il}:’(;n m%gg Units Units Fﬁng(t):gn Units Units
seconds Base 7 seconds Base
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WHERE CHIPHEADS CONNECT

g

V' 4 \

W ™ o

' ‘ Change to Case #2, where the Bulk Capacitor is 22 pF.

= A comparison of the location of the sense lines, before

¥ | and after the filter.

S |/
‘ What are differences in Output Impedances with the

i change 1n the sense line location?

Is there any differences in Attenuation?

Is there any differences in the measured ripple voltages?

UBM
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Regulator OFF, After Filter

......

Impedance magnitude and phase [ohm, deg]

| 1E+01

1.E+00

100
- 80
- 60

1.E-01 1

1.E-02 {

1.E-03

1 40
120
40

- -20

1 40
1 -60

- -80

-100

1.E+02

1.E+03

1E+04 1E+05 1E+06 1E+07

Frequency [Hz]

Impedance magnitude and phase [ohm, deg]

1.E+01

1.E+00

1.E-01 ~

1.E-02 1

1E-03
1.E+02

1E+03 1E+04 1E+05 1E+06 1E+07 ¢}

Frequency [Hz]

- 80
T 60
T 40
T 20

1-20
1 -40
1 -60
80

100

0

-100

Z s
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WHERE CHIPHEADS CONNECT

Impedance magnitude and phase [ohm, deg] Impedance magnitude and phase [ohm, deg]
| 1E+00 . 100 || 1.E+00 . . . . 100
- 80 L 30
1601 -4V TN /f\ apr: 1 60
\ \ / ol R n
1E-02 0 go
Y 120 150 20
T -40 BV T"
1E‘03 + -60 T '40
T -80 T-60 |
1E-04 100 || 1E-03 80 |83
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+02  1F+03 1E+04 1FE+05 1E+06 1E+07 b
Frequency [Hz] Frequency [Hz] M
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WHERE CHIPHEADS CONNECT

Impedance magnitude and phase [ohm, deg] Impedance magnitude and phase [ohm, deg]
| 1E+00 200 || 1.E+00 . 100
1 150 r 80
1.E-01 14
1 50
1602 20
+4 0 1 0
1E-02 - | £
1.E-03 - 20
1 100 ~J Ly |
1E-03 -150 || 1.E-04 S
1E+02 1E+03 1E+04 1E+05 1E+06 1.E+07 1E+02 1E+03  1E+04 1E+05 1E+06 1E+07 °
Frequency [Hz] Frequency [Hz) M
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WHERE CHIPHEADS CONNECT

-,“ < T R12
9| Measured Attenuation With 0 Ampere Load
Attenuation magnitude and phase
[-, deg]
1.E+1 200

\ 1+ 150

| o Bt
1E+0 1Y \ ’\\ el Some Strange

+ 50

event going on

. ; N1
x 1.E-2 \ %J\) &1 ?20 ere

' \\
\ + 150
1.E-3 -200

1E+2 1E+3 1E+4 1E+5 1E+6 1.E+7
Frequency [HZ]
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WHERE CHIPHEADS CONNECT

Comparison of Ripple Voltages

/
. |

tor ON, 0 Amp Load, Before Filter Regulator ON, 0 Amp Load, After Filter

Kégula

1 Cursor - e - i _Cursor
Function : : : : I L @ Function

Pe:lired L B ‘ ' . Pélired
@@ 2.00mvos T MS.00[s ChiS o 240uv] @ 1.00mVOR ~ Ms.00us Chis 220V

P ‘.““Iﬁ_le‘ m‘pll.u‘e'-‘ S E— p—— vy ime  [Amplitude
Function NN Units Units B w,?,gs Units Units /l
4 seconds Base : seconds Base
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......

Attenuation magnitude and phase

[-, ded]
1.E+1 50
z Here it is
v L 0
o | 50
1.E-1
| _100
4
162 =
1.E-3 -200
1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 1.E+7

Frequency [HZ]
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WHERE CHIPHEADS CONNECT -

it [ : . : _ _ i 4. ] ¢ . : _ _ 3 C A 660MY
KD : : ‘ : : : : ] : : : : ‘ @: 420V

H 1 1
e £ -
v i v

Paired o A : : i Paired

|. 1.00mvoy M. 25;15 Chi i 220}1\/ ll 1.00mves © U Mi.25Ms Chi s 220pv'

e mpl nide] : Time  [Amplitude
F :;.”gg:ﬂ 1 m%(ge Units Units F :_','Eg',gn n%gs Units Units
P seconds Base seconds Base
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WHERE CHIPHEADS CONNECT

g a.Current Mode Controller, without knowledge of any information about

npensation loop, we designed a power filter network that required a

1 mV noise level at 1 MHz.

; _IThe resulting design using a target impedance that is basically flat;

*» The corner frequency of the filter occurs approximately where the

ulation indicated
* 'The resulting attenuation of the ripple noise was below the maximum
assumed level required of 1 mV. Typical results show 500 — 800 uV of

4 noise voltage.
* The DC converter showed no ill effect from having a power filter
attached, it appears to be stable, indicating:

* Matching the source to the load was accomplished $ b

* Matching the load to the source was also accomplished
UBM
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WHERE CHIPHEADS CONNECT

o U series resistance significantly.

~ f‘ﬂd even with a flat output impedance.

of Current indicates that the bead saturates, reducing its inductance and

;..Hse of a ferrite bead may cause the attenuation requirements not to be
ko *

- “Use ofa target impedance that is constructed by using the concept of a

Big “V”, with minimal amount of capacitance can be a significant
Egoblem

» [t may cause instability of the DC converter.
* Attenuation requirements may not be met.

* Sense lines for the DC converter should be located before the filter to

avoid instability issues for the DC converter.

159
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WHERE CHIPHEADS CONNECT

In the design of the power filter, the corner frequency should be higher
| nszequency than the cross — over frequency of the compensation loop.
"/~ e+ There will be no interference between the 2 systems, the
5 — ;‘w%compensation loop does not necessarily maintain the output
KD ; . . .
~L2  impedance beyond the point where the gain goes below 0 dB.
%« Using a corner frequency inside the compensation loop control
may alter the phase and should it fall so that there 1s no phase
' margin, may cause instability issues for the DC converter.
* Placing the sense lines of the converter before the filter helps to avoid
the issue of interference between the 2 systems.
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THANK YOU!

ANY QUESTIONS?
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