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Agenda

* Closed loop transfer functions & loop gain
e Stablility — definition and verification
* Voltage injection method

° Injection signal level size

* Choosing the correct injection point
° Live loop gain measurement
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The Closed Loop Feedback System

Example: Buck Converter

Feedback

1T -
vm(t)\ o "= E}R\vm(t)

Switching Converter )
|

- Transfer functions:

s T 1LPWM v Ge(s) —gz)g AN G.(s) ... Compensator
Gpypi(S) --.- Pulse Width Mod.

— U G,q(S) ... Switching Converter

Controller F 1
|
\

Dot (5) = (Drer(s) = Poue(s)) - Ge(5) - Gowna(s)* Gyals)

Loop Gain T(S) OMICRON

I LA B

—

l Compensator
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Closed Loop Reference to Output

G _ ﬁref(s) _ Ge(8)Gpwm (5)Gya(s)
ref outcl ()= Dout (5) B 14+G.(s)Gpwm (5)Gya(s)

Loop Gain T(s) = G.(s)Gpwm(S)Gya(s)
= product of all gains around the loop

T
Gref-out,c(S) = 7 +(;2s>

If T(s) > 1, then Grer_ouecr(s) = 1.
This means the output follows the reference
- Goal of the control loop
%
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Closed Loop Input to Output
/ \ Feedback

Open loop input to output transfer function T -1
L R

Gin—out (S) Vin(t)\ (t) C T

Closing the feedback loop Switching Converter O

Dout = Din * Gin—out(8) — Doyt - T(S) v.() o
c\Y
PWM Ge(s) —gﬂ}
6(t)

Compensato

therefore Vi

Gi_ t(S) Controller
Gin—out,CL(S) = 1m_|_0,;f(s)

Vou t (t)

If T(S) > then Gin—out,CL(S) K

—> Distortions at the input are rejected
%%
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The Design Rules

* For good output regulation we need high loop gain
* For T(s) < 1 the feedback has no effect
* High loop gain for all frequencies is not possible and not desired

K Low frequency Gain should be high to
T / achieve good regulation

Loop Gain should cross 0dB with
slope of -1 (20dB/decade)

high frequency noise and increase
robustness of system

fc /
0dB \ £ High frequency Gain should be low to damp

%%
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Stabllity of the Closed Loop System

Transfer functions of the closed loop:

T(s) Gin—out(S)
Gref—out,CL(S) = : Gin—out,cL (s) = -
1+T(s) 1+T(s)

What happens if T(s) = —1?
—> Closed Loop Transfer function will tend to get “infinite
—> Behavior of the loop is no longer defined (unstable)

By checking the loop gain T'(s) we can check if the closed loop system
will be stable or not.

Test: How much distance does T (s) have towards -1
%%
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The Phase Margin Test

(A special case of the general Nyquist stability criterion)
If phase margin >0° - the closed loop system is “stable”
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How much Phase Margin do we need?

Example: Voltage-mode Buck Converter Reference to Output Step (Simulation)
1

o e T oo Synchronous Buck Converter
o // \\ / (CCM, small signal model)
/I/A l 300 kHz switching frequency
: — BN =40 kHz crossover frequency
\
AN,
. N
§ /f \\¥$\M\ N Om = 7.4° - High overshoot
036 ~ 3 ~ + ringing
o // \ / & N \\ 0, = 23°
A om = 31°
0.92 // \\ Qom - 4‘50
\

= 78° — Highly damped
on = 87° %%

Time (seconds) x 10’4
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Why Measuring Stability?

Ensure stable operation at all operating points and
different environmental conditions

Low phase margin can add significant ringing and
degrade system performance

Especially linear regulators should show enough stability

margin when powering clocks, opamps or ADCs
Verify your simulation results

%%
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Measuring a Transfer Function

Bode 100 measures the transfer function H, from CH1 to CH2

1 MQ 1 MQ

— Hi(D Ho(D Hy®) |—>

add AC signal CH1 probes CH2 probes
input output

Note: Use the external reference function of the Bode 100 to enable CH1 input!
%%
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Measuring Loop Gain (Voltage Injection)

Loop gain is measured by “breaking” the loop at the injection point and

Inserting an injection resistor.
vy ()

The voltage loop gain is measured by T,(s) =

Vy(S)

OUTPUT _ INPUT

Vref(s) Ve(s) V(S)
»  G(s) >
“A A [«O
Tro> ol ||
1 B-WIT 100 J
B l¢0

H(s)

%%
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Selecting the Injection Point

To keep the measurement error small we need to find a suitable

Injection point that fulfills the two conditions:
1. R Vi) V() V(s)

»() » G(s) »
A O CH2
Zout(S)EJ

}vxs) l
B-WIT 100 J O UT

B j«o- CH 1

Zout

2. |T| “ Zin
Generally well suited points: HE

* Output of a voltage source Z“‘(S)E_J
* Input of an operational amplifier

* Qutput of an operational amplifier
* Best between two opamps

- Z(s)

1

%%
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Reading Phase Margin from Measurement

Phase Margin is read directly from the measurement!
@, Is the distance to 0° and NOT to -180°

Reason: We measure in the closed loop system - our signal will run
through the inverting error amp and get an additional 180° phase shift.

- The instability point is at +1!

Theoretical open loop gain T, (s) Measured loop gain T,,(s)

—» G(s) —> _9—) G(s) [ >

A To(s)=G(s)-H(s) T(s)=—G(s)-H(s)

H(s) H(s) (= gq
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Injection Signal Level

Control loop is designed based on small signal models (linear)
— Measurement signal must be a “small signal”

Note:
Measurement result must be independent of signal size!

How to Check?
1. Choose an injection signal level and measure
2. Reduce the injection signal by e.g. 10dB

—> If the result has changed, do further reduce until the result stays
constant!
%
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Shaped Level

* Correct results and clean curves? - use the “shaped level”!

* Low level at sensitive frequencies and high level where you need
more disturbance power.

10
I\ [( 100,536 Hz, 8,75 dBm )|
5

. \

: \

E
2
-10
15
-20 \
2
-25 % -
. . . . E =
0" 10° 10* 0% 10 10°% 108 107 2
fiHz 4
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In-system measurements are important

Vcc

— /n'p ut DuUTr Load
Filter

* The input filter can influence the stability (Middlebrook)
* The load influences the stability margin

Always measure the loop gain under all expected load conditions and
with the input filter connected.

%%
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Choosing the right injection point

Linear Regulator (Picotest)
Buck Converter (LT6811)
Flyback Converter (LT3758)
LED Driver (LT3755)
SEPIC Converter (LT3758)

abhwnPE
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VRTS 1.5 board from Picotest

Linear regulator with 3.3V output voltage.

3
{3 PICOTEST —
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Step Down Converter: Demo 1/750A
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Ic Converter: Demo 1342B

VIN

R4

L]

R3
232K

vee
O%
Ui
- LT3758AEMSE
JP1 ON é . 0
RUN SO
OFF HDN/UVLO VIN
i ve | ‘ INTVoe F2——9
L c10
° — 4.7uF
R6 FBX T 1ov
30.9K =
ci2 RT
100pF R7 |
422K
on o SYNG
4.7nF
{} ss \%
0.1uF
SYNC =
Og
R8
10K

l 5 © 1av-72v
1 C1 +GIN1
2.2uF 10uF
L1-1
100V
o L
= GND
E2
c7 D1
I »
11 Ll
4.7uF PDS310q
100V
il
4
L1-2 VOouT
Q1 47uH 24V @ 1.0A
FDMS2572 2

B-WIT 100
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Flyback Converter: Demo 1412A

0] P p
CH1 CH2
ode 100
e VIN vouT
(=] T
VIN ¢ I = .I " .
18V - 75V CINI _L‘: N2 \v < _I_ Col _L Co2 _L Co3
TuF uF C3F E 100uF 100uF == 100uF
s e | i = O g e T Te
£ = = 5 TR o,
i L
" PAI277NL
it
100pF
<3 R2 VOUT
b — o
—ofr OF Ul viN o e =
. LT3758EMSE I ci i
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i $osk | = " _—
ON - = I ’ 4
i D B :
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High Voltage LED Driver: Demo 1268b-A

OUTPUT
T
™3
(opt) ©®
m
Ll
1 (0pt)
22uH
- HC9-220-R
PVIN ® ~ 1. bl
o / l l Cooper Busmann | 1] 2
C10 c1 1
E3 R1 rR2 4.7uF 4.7uF PDS560-13
D ﬁ ‘;gzk 00hm 50V 50V
u M1
= = E Si78500P-T1-E3
ES VISHAY
VIN :
4.5v-wvG c4 L wEi
1uF
SW:_[ 0015 L
E6 B 10 ]
sHON / ivio @ Ut
I VIN GATE  SENSE
Lo 51 SHDN/UVLO rB[H2
1%
VREF 1sp 4
= R15 RS
&b %m (opt) sv 3 i
@ 16) r 3 Si2308DS-T1-E3
- ke anouT 1L VISHAY
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m
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Ell - RT
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c8 R16 R18 R11 w2
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1%

400kHz
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Live Measurements

° LED Driver
° Flyback Converter

%%
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What if you can’t break the feedback loop?

Loop stability can be derived from an
output impedance measurement

- Non-Invasive Stability
Measurement (NISM)

etwork Analyzer
npu | Regulator or Switcher
: . Out A
- Find out more at: —»[' | ; J
‘ DUT . urrent
onitor Signa

] fhﬂ [I 1‘%

T
FiIterT& Load

WWW.picotest.com

Modulated Injector

Current Output
(Simple Voltage Connection)

High PSRR Power J2111A- Solid State
Adapter Current Injector

&
<v3 PICOTEST

%%
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http://www.picotest.com/

Do you want to measure more?

Measure:

* Loop Gain

* Output Impedance (NISM)

° PSRR

* Input Impedance and more...

Send us an E-Mail with subject VRTS and
we will send you a board for free.

You can find all our power supply appnotes at:
https://www.omicron-lab.com/bode-100/application-notes-know-
how/application-notes.html#3

%%
OMICR&I;I

Smart Measurement Solutions®


https://www.omicron-lab.com/bode-100/application-notes-know-how/application-notes.html#3

Feel free to ask questions via the chat 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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