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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

* Open-loop transfer functions
* Closed-loop transfer functions & loop gain

* Measuring loop gain
— Voltage injection method
— Injection signal level size
— Choosing the correct injection point

° Measuring plant and compensator
* Hands-On Live-Measurements
— Measure Loop

- Measure Plant & Compensator
— Step-Load Response
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DC/DC Converter System

* How will the system react to: L ;:i Cl ?
- Sudden line-voltage change? "“‘(t)\ <5M T Lj \V‘“‘t(t)
- Achange in the reference voltage ; o
or set-point? 5(t)| Circuit

°* How to design the compensator (place the poles and zeros)?

— Dynamic modelling used (can be quite challenging)

-2 It makes sense to verify the design

(in time-domain and in frequency domain)
4%
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Open Loop Plant Transfer Functions

. L o—— -y
Note: for simplicity lets assume that Vm(t)\ é % c L E]R
the transfer function is equal to the

frequency response (s = jw) | [ Control
8(t) Circuit

* Duty-cycle to output:
d(s) Vout (S)
Gvd (S) >

\ 4

* Line to output: Vin(S) Vout (S)
> Gin—out(s) >
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Closing the Loop

Example: Buck Converter Transfer Functions:

G,(S) ... Switching Converter Plant \

Feedback

1T -
v®| ) "= E}R\vmm

Switching Converter

s T PWM ve®) G(S) 4(?‘:)

Vel Compensato
/ \ Vref
Gpoyn(S) ... Pulse Width Mod. Controller \
%Y
G.(s) ... Compensator OMICRON
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The Closed-Loop System

Feedback

1T -
vm(t)\ O z% "t E}R\vm(t)

Switching Converter |
[
-

s P66 {?9 A

l Compensator

\__ Vief
N

Controller F l
1
1

Dout(s) = (ﬁref(s) - ﬁout(S)) 'IGC(S)' Gpwm (8 Gypa(S) |

Loop Gain T(s)

—
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Closed Loop Reference to Output

G (s) = Pout(®) __Ge®)Crwm(5)6oa(s)
ref—out,CL - {7\ref(5) B 1+GC(S)GPWM(S)Gvd(S)x

Loop Gain
T(s) = Gc(s)Gpwu (s)Gpa(s)
G (s) = T(s) (the product of all gains
refmoubCL T 4+ T(s) around the loop)

| T(S) > 1, then Gref—out,CL(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 L '—-1 -
Gin—out (S) Vin(t)\ C:) % C—l—
Closing the feedback loop Swiching Converter O
Dout = Din(S) * Gin—oue(s) — Dour () - T(s) N

s T LPWM Y G (s) —g@g

Compensato

Vou t (t)

and therefore

Vief
G (s) = Dout (s) . Gin—out(s) Gontroller
in—-out,CL ﬁin(s) 1+ T(S)
If T(s) > then Gjp—outcL(S) K
- This means that line-distortions are rejected (PSRR)
%%
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Loop Gain T(S)

* 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

Low frequency Gain should be relatively
high to achieve good regulation. There is

/ always some gain limitation
Loop Gain should cross 0dB with
. / slope of -1 (20dB/decade)

0dB >
f
\/ High frequency Gain should be low to damp

high frequency noise and increase

robustness of system L]
OMICRON
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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”

80
\\ 2
60 RNy
\\\
o 40 R 15
© —~
£ 20
2 o [
. = 1 S
: il AN
-20 =
-40 0.5
60 3 (-1]0) [ \
10" 10° 10° 10° 10° 10° S o g
Frequency in Hz g (p /
0 05 \7n /
-45 1 -
< -
E = v s
O e [
N L
-1
* ¥m 2
v -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
180 2 ; : : ‘ Real(G() g g
10 10 10 10 10 10
Frequency in Hz OMICRI?A'g
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How much Phase Margin Is desired?

Example: Voltage-mode Buck Converter Reference to Output Step

1
Step Response T —

) // \\ / feross Simulation of synchronous Buck

Converter (CCM, small signal)

15V to 1V step down
NS

300 kHz switching frequency
=40 kHz crossover frequency

i

0.9

1.02

T~ @, = 7.4° - High overshoot

+ ringing
\\ Om = 23°
Pm = 31°
\§ Om = 45°
AN = 78° — Highly damped
9 on = 87° %%

Time (seconds) x 10’4
OMICRON
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Gain Margin

Second order system - no Gain Margin (phase never reaches -180°).
Parasitics the systems - > second order. = Gain Margin

Gain Margin is the amount of gain necessary to make the loop hit the
Instability point. :

L B
Bode Diagram
100 ©ororoesmp e frresor s oreci: P oreees coeoromemg 08
System: G_T | 1|
[T Gain Margin (dB): 39.7 | +—T1]
— ] _ 0.6
& At frequency (rad/s): 1.1e+06 1] —1
) 0 Closed loop stable? Yes H |~
8 0.4 1
3
i / -~
g -100(- \ 1 0.2 i G =
=2
5 oket m A
k=) L | —
-200 P b orrrreer Porrrrred Pk orrrred E b orrrred E b orrrrer Erorrrrer ForrrrrrE E L
-45 oo : srory = ororrrer = ororemes =t omormeer e —rrrrr = o2len
90 ||t - m
> 0.4
8 135 -
(V]
g 180 System: G_T 0.6
Phase Margin (deg): 18.8
-225 T
Delay Margin (sec): 3e-06 \ -0.8
270kt e e .o Atfrequency (radis): 1.09e+05 . o ook e — o
102 103 104 105 Closed loop stable? Yes 108 109 1 g g
-1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8

1
Real(G(jw)) O_M ICRI?ANB

————

Frequency (rad/s)
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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 design & simulation

%%
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Measuring Transfer Functions (Gain/Phase)

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

1 MQ 1 MQ

VCHZ

Gain =
Ven

— \ | #® 100 0 >

add AC signal CH1 probes = CH2 probes
input output

* The signal path from Output to H, is not part of the measurement result!
* Atransfer function can only be measured / defined for an LTI system

* |In case of a switching converter only once per switching cycle a new duty
cycle value is created. Therefore the control loop can only react to frequencies

up to s/, .

- Loop Gain needs to be measured only to half switching frequency 1]
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Is Calibration Necessary?

* Normally not. Basic accuracy of the setup should be
sufficient.

* Not sure? - Check it out!

Should result in a flat
line at 0 dB and O°

%%
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Measuring Loop Gain (Voltage Injection)

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

inserting a “small” injection resistor (e.g. 10 Q).
vy (s)

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

Vy(S)

OUTPUT _ INPUT

Vref(s) Ve(s) V(S)
> G(s) >
A AleO

TroD = |

B [«0

lﬂ

B-WIT 100

H(s)

%%
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The Injection Point (Voltage Injection)

We assumed that signal 5.B_lc_>_<;l_<__1_____Z____(_S_)___, Voltage |;,-Z§taolzs)ﬁlogk_2_____;
information flow is unique IO g
and only in form of voltages. "o [Jaewe, ‘Vy(s) V(S)V(S)J P
However at every connection |

point there is voltage and current. R — f

o >

Bode 100 measures T, (s) s

Vy(s) Zout(S) Zout(S)
L) =y =T )(H zm())+ Zin(s)

15t term 2nd term
\
Zout(S)
=1 for | Zin ()| » |Zoue (5)] ignore for [T(s)| > |77 %%
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Selecting the Voltage Injection Point

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

: i iti o Vi(s)  Ve(s) V()
point that fulfills the two conditions: o tan peve e o
1' |Zin| >> |Zout| ZOUt(S)Q Zi(s) Dr@ l
Z 1 B-WIT 100 J ouT
2. NI o =
Zin Zin(s)g

3. Ensure that no parallel signal path bypassing the injection point!

Generally well suited points:

* QOutput of a voltage source

* Input of an operational amplifier

* QOutput of an operational amplifier

* Best between two op-amps <L
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Measure the Loop in a Buck

OUTPUT _

* CH1 at feedback-side of the
Injection resistor

* CH2 at the output-side of the

ﬂ_ﬂ_ﬂ ¢‘<_I i Q
5(t) AN N .
Sawtoatr "fef@ injection resistor <L

- = OMICRON
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Some Injection Point Examples

VRTS 1.5 Linear regulator with 3.3V output voltage.

3
{3 PICOTEST —
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Step Down Converter: Demo 1/50A

ISP
ISN
=R2 =R3
SoPT 3 oPT
E1 R1
VIN
aav-av O—N W u1
c1 0 lcz LT8611EUDD 5 ,
s 1206 7o crl SE
oND 3 T sthe Ii‘g“ s . i
Oo— L 33053 1 VIN 75 BST
- > = R12 6 7 c4
T 1M VIN ; ? K] RS
Rt 4 / 13 I i e vour 83
W ENUV 4 w1 e W O 258
el 1 ; 14 1208
sweO) SYNC % W ISP o
smcﬁjj | 2
£ oo B Z1imon swh T W o & -
°N°Oj P = 24 21 - M
= ICTRL ISP 1SN TWT =
R7
74 NTvee isn 2 W
E6 2 2 18 ¢
TRISS 2 BIAS
IMON
O 3 2 19 i S
E7 RT 9‘ PG Wv
1eTRL O a 7 Z 2 RID 499K
R8 - AML
T T8 C1 2 ° -
8 2
= - v PGND Z S c9
" % i
L2 22 3 22 v 4TpF m
47
VEMI @ B A VN *le 8 A O p6

LT HNER
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Flyback Converter: Demo 1412A

VIN VOuUT
VIN ¢ T 5 WL
18V - 75V CINT _LZN‘l 3
TUF F

ety g T

PA1277NL

VOUT
o i Ul VN
- LT37S8EMSE I

Cé O.IuF

78 : z
RUN o _g\_“__ .

%%
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Voltage Loop Gain Example

OUTPUT CH1 CH2
o Bode 100 0

TLD5098 LED Driver board.

Controls the currentvia ]

measuring voltage at high-side | w L ;

shunt resistor. - Voltage loop. o]

Injection point satisfying A @H

1Zin(9)] > |Zoue(s)] is given 1 =

after the current shunt that has ([ o i

low impedance. Impedance S e | [FN

towards loop is input of T Ae| (it iy,

differential amplifier (>>) ﬁ I R N
OMICR&I;I
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E2
' BUCK / BUCK-BOOST

Demo 1268b-A

OUTPUT

M3
opt
(0pt) -
I
Ll
K1 (0pt)
22uH
- HC9-220-R
8V - 40V @ - [Llr 3
l l Cooper Bussmann 2 ™
c10 c1 1
E3 R1 rR2 4.7uF 4.7uF PDS560-13
499 00hm 50V 50V
1% M1

A

E Si7850DP-T1-E3
VISHAY

Es
VIN Q
4.5V -40v 4 L R
1uF
SW:_[ oois L
£6
SImo@ Utk B 10 b
I VIN GATE  SENSE
M 64 SHON/UVLO rB[H2
1% .
VREF 1sp |
= R15 RS
&6 ™ S(opy s 2
CRL @ 154 ctRL s
11
R7 PWMOUT
140k Ak 00hm
1% ,
INTVCC PWM
2 = SS  VC__GND RT
! 4 7 T
*x @ 15 h e
s SRI6 SRis ue R11
©p9 $Op0 S (0pt) R17 = R
22k 28.7k (Opt)
1%
400kHz

art Measurement Solutions®

M2
Si2308DS-T1-E3
VISHAY

R19
0 0Ohm
0805

E9
PWM PWM
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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

OMICRON
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Injection Signal Size

Small signal models (linear) are used to design the compensator
— Measurement signal should be “small signal”
— Measurement result must be independent of signal size!

1. Choose an injection signal level and measure

2. Reduce the injection signal by e.g. 10dB
—> If the result changes - do further reduce until it stays constant!

60 200
80
= o 150
T 60 . T 40 .
o (> @ [
= 100 3 100
a 3 &
= © =20 <
< 20 50 < c 50 <
o a o o
] [=] ] [=4
=0 A 03 =0 [
- PAN [° 8 - 8
'© -20 - N ‘® - ]
I 50 g 8 0 50 g
U . g
<~ -40 -100 @ - -100 ©
8 = I+ =
@ -60 @ -40
= -150 = -150
-60 -200
100 1k 10k 100k 100 1k 10k 100k g q
Frequency (Hz) Frequency (Hz)
—Trace 1 —Trace 2 —Trace 1 —Trace 2
I LAB
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Shaped Level

* Correctresults and clean 0
curves? - use the “shaped
level”!

* Low level at sensitive
frequencies and high level where ™. e o o0k
you need more disturbance rrequency (72
power.

60 200 60
@ 150 a 150
T 40 . T 40 .
g g
35 100 o 3 100 o
220 3 220 @
a 50 § é 50 i
© ©
S o o = S o 0o =
£ v = ©
3 50 A& s 50 &
O 20 P ©-20 @
- -100 ® - -100 @
] = 3 =
&40 40
£ -150 £ -150
E -60 -200
1 100 1k 10 100

OMICRON
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Please consider Vee

P {nput DUT Load
Filter

* The input filter can influence the stability (Middlebrook)
* The load can influence the measurement or plant transfer function
° The operating point can influence the plant transfer function

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

Note: Electronic loads can cause strange effects if their control loop
Interacts with the system.

%%
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Measure the Plant in Analog Control

°* CH1 at the COMP-pin

* CH2 at the output-side of the
Savitboth [ 1 Injection resistor

%%
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Measure the Compensator iIn Analog Control

* CH1 at feedback-side of the
Injection resistor

°* CH2 at the COMP-pin

Sawtooth
%%
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Measure the Plant in Digital System

UUUUUUUUUUU

°* The COMP-pin is not
existing (in Processor)
* Qutput is duty-cycle
signal
- Use loop-setup and set
compensator to Gain = 1
CL

OMICRON
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° Modulate the line using
e.g. a Picotest injector
- J2120A (5A 40V)
- J2121A (20A 400V)

* Connect CH1 to input
* Connect CH2 to output

- Result: line-to-output
transfer function or PSRR

1

<3 PICOTEST

+_
Svde | 1 | out
osc —
J2120A Line Injector

]
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H LT3758A
LI near (An alog) High Efficiency SEPIC Converter

Demo Circuit 13428

Hands-On a SEPIC! Demo Circuit

1342B

° Input: 18 V- 72V, Output: 24V, 1A
e Switching frequency 300 kHz

* Stability information .. el . ="
- Crossover frequency % ;“% s s
“si: R
- Phase Margin —p |\_|“" T8 T %m
> 65° in all operating points { ="
> Very stable control | j '

loop design w0
- Too boring - let's modify the control loop
%%
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Making Things “more Interesting”

[ DemoCireuit!3426_modified wds * - Biricha WDS - Power Supply Design Tool - Licensed to ali - u} X
File Calculations Help
D& @
. - . - . " Spedification Coupled Inductor /Cap Semiconductors Frequency Response  Circuit  Power Loss Budget Summary  Spice Simulation
Simulate circuit in Biricha WDS =
. 3 Pl - b Fx Pm Gm  SlopeatFx  RHPZ Han
lant - be:
e T MNominal  21308H 25" BdB  281dB/dec BE7kHz  Power !
Reference Voltage v 0 Emply* [J180ph  Measued n/a nfa  nfa nfa nfa
[JComp-red
[ Loop - gieen
. . . . Sampling Divider Om o Stability Sweep [min/max)
Verify simulation with Bode 100 - | B ST e s/t
- Rl =0 o] @ 0 Empty” L180ph o 0505 RHFZ. 667 /66 7kHe
- O - [ Spice - blk Gm: 87648
Actual current through pd mA oy T
-] |
3 Modify Type Il Transconductance T £ |
. E]
R3 /s /s £ 9
compensator 10r 1ess pnase margin
@ e !
40 o = x 4
c2 nfa EE) nF 2 = 2 g8

s o

4 S I d Actual Controller Poles and Zeros -
older new component values on £
M Pale at the orign Hz B
First Pole Hz (=3
t e O ar Second Fole nla Hz 8 o
£
FrstZero e oy .l .l 1
Second Zera o He < - = = N
Fx - Crossover frequency (kHz) (specified) value is outside of recommended ~
limits

Your crossover frequency is greater than one 10th of your right hand plane zero
- . e frequency. Lower your crossover frequency accordingly. v
Or | g | n al M O d Ifl ed Licensed to ali For Help, press F1 NUM Power Loss Budget: 1.3 W used of 2.2 W allowed I

Biricha WDS Design Software
R6 ] 30.6kQ 100 kQ (www.biricha.com)
Cll1 | 4.7nF 1nF

C12 | 100 pF 100 pF

%%
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http://www.biricha.com/

Measuring the Loop of the 1342B

VIN

= 0 15v.72v
+CIN1

10uF
100V

© GND

Ez2

1 c1
2.20F
Li-1 100V
R4 47uH I
e -
1
VCC i
cES c7 D1
n |
o - LT2/58AEMSE 4.7uF PDS310q
100V
RUN 2 9 / 1
e e TADNLVLO VIN
i g INTVes |2
il Clo_ tr-
= a0 ——4.7uF E
RE ‘ ‘ :l_: 1ov L1-2 4
30.9K N ol ’
L cn HRr 7 s A Bl ‘mHE
100pF| A7 ‘ GATE 2
422K 5 sviic 6 va
on_ c13 —— ' SENSE .
47
T n I 3lss \%
0.1uF =
_— ‘:| Rs -
= L w
— W
SYNC v
O =
R8
10K
GND
E7

Smart Measurement Solutions®
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Measure the Compensator

VIN

R3
232K
R4
e
1 e
vee -
O
Ui
- LT375BAEMSE
ﬁfﬂq N @I 2 g 10
OFF SHDN/UVLO VIN
‘ZT; e ‘ INTVee 2
— ch
2 ——4.7u
RE Fax ‘ L 1ov
30.9K 4 =
f—— Ciz2 ~—RT 7 4
100pF| R7 ‘ ‘ GATE
42.2K ——21svYnG 6
C11 Cc1a —— ' SENSE
4.7nF I 3 \D
il \ — 88 =z
. 0.1uF j‘i
SYNG =
O
R8
10K

Smart Measurement Solutions®

E1 O ey .72v
1 9] . +CIN1
2.2u 10uF
Li-1
100V 100V
47uH I
& = © GND
E2
cr D1
|
4.7uF PDS3104
100V
il
4
L1-2 o vourt
47uH E3 24V @ 1.0A
2
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Measure the Plant of the 1342B

VIN
. E1 O 1av-72v
R3 1 c1 +CIN
292K 1 T oo
Fi4 5 4 47T
AN = ) GND
1 ek E2
vee '
O c7 Di
u ] ¥
- LT375BAEMSE 47uF PDS31
JP1 ON ooy
RUN ¢ 2 9 10
—— SHDN/UVLO VIN
QFF
<3|i Lve ‘ INTVe |2
i
2 —— 47U
R6 FBX T 1ov 4
30.9K = o L1-2 o Vour
L ci2 2 nT ; . a1 47uH E3 = 24V @ 1.0A
T 1000F . GATE FDMsS2572 ) cs . c4 s
422K 5 sYne ‘ 8 - SuF  ~~Z2UF  ——3auF
cn ci3 —— ' SENSE asv asv 25Y
4.7nF I \ 3 \Q
1l AN 55 = . :
. 0.1UF j"i
SYNC =
GEG 2
R8
10K . .=-

%%
OMICR&I;I

Smart Measurement Solutions® —




Small-Signal Step-Load Response

° Trigger to
repetitive load
steps

* Use averaging
to remove
switching ripple

‘, BE o and noise

I S T * - Small signal

| j stability in time-

domain

SSSSSS

I
!
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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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