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Speaker: Marek Lis
4

» Senior analog applications engineer on PA team

e Supports:
— Operational amplifiers
— Voltage references
— Macro-models
— Long-term stability
— Statistical guarantee of specs

* Worked for ten years at Burr-Brown Corporation as an analog IC design engineer

» Designed over 20 new products from op amps to voltage LDO regulators

» Managed development of series voltage references and instrumentation amplifiers

» Co-invented Green-Lis op amp macro-model; state-of-the-art PSpice-based architecture
« Studied electrical engineering at the University of Michigan and the University of Arizona
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Op amp stability issue
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Simplified cause of op amp stability iIssues

Issues happen because of too much delay from output to feedback!
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Delay happens in many circuits
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Circuits with possible stability issues
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— Oscilloscope

e Suggested tools:

ldentify stability issues in the lab

— Signal generator

* Other useful tools:

— Gain / phase analyzer
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ldentify stability issues in the lab

» Oscilloscope — time domain analysis:
— Oscillations
— Overshoot and ringing
— Unstable DC voltages
— High distortion

Sustained output oscillation with DC input

Output response to step input
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ldentify stability issues in the lab

 Gain / phase analyzer — frequency domain:
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Voltage (V)

Solving op amp stability issues
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Bode plots — pole
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Op amp open loop model

OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY
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Op amp closed loop model
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When is an amplifier unstable?

ApL

Ar =

L1+ AoLB Ao B = -1 when the phase
at Vg has shifted 180°
relative to Vin

« Acircuit is unstable when A5 B3 =-1
* Ay B = -1 sets the denominator of A;; =0
* Ay B =-1when Ay B(dB) = 0dB and

k Rf 90k
phase shift(Ay,B) = 180° VN NV
+4
« Phase shift is relative to the DC phase i J'\
- Vour

How close the system is to a 180° phase shift in Ay 8 vin (A (
* PM = Phase(Ay B) when Gain(Ay B) = 0dB
« Ex: 10° phase margin = 170° phase shift in A5 3 =
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Loop gain magnitude — Ao B
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Loop gain phase — phase(Ag, B)
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Phase margin

1/8
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Phase margin < 45° is considered “marginally stable.”
This does not ensure a robust design over process variation.
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Rate of closure — unstable example
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Rate of closure — stable example
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Rate of closure (ROC) and phase margin
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Voltage (V)

Indirect phase margin m

easurements

Phase margin can be measured indirectly on closed-loop circuits!
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Indirect phase margin measurements

Phase margin vs Percentage Overshoot  15.00m

20 12.50m —E /’ifﬂi\i 14 ' 3 mV

80 -
w5 70 10.00m —| —
g = ] ’r "'u\ /
= 60 [<5) . ’ My
c & 7.50m —
B 50 5 . '
= ]
5.00m ] /
{ 2.50m — i‘
10 | ] ||
U | | | | :430/0 | - \ 0.00 J : :
0 20 40 60 80 2:00u Tel’rfgtés)

Percentage Overshoot (%5)

14.3mV — 10mV
10mV

43% overshoot - 29° phase margin

%Overshoot = ( > *100% = 43

Wip TEXAS INSTRUMENTS | 23



Indirect phase margin measurements
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Quiz

*  Which one of these A, and 1/B curves is unstable?

140,

720

700

80

Gain (dB)
[e)]
T

40

S Aol

1/B

T

S20 | ey e

1700m 1 10

120 ]
100
80

60

Gain (dB)

40

100 1k 10k 100k 1M 170M

I Aol

20

o

=20 | g

1/B

1700m 1 10

100 1k 10k 100k 1M 10M
Frequency (Hz)

140 —

120

100
80

Gain (dB)
)]
Q

A
Q

N
Q

i Aol

1/B

<

N
S

1700m 1 10

120
100
80—

60|

Gain (dB)

40

700 1k 10k 700k 1M 10M

I Aol

20

0]

‘20 - T V‘VIVITI T YTHH\"
1700m 1 10

1/B

T XIHHW T rvnn[ T IHIHII T H'IH] T ITIIHTI T l|l|l|!]
100 1k 10k 100k 1M 10M
Frequency (Hz)

Wip TEXAS INSTRUMENTS



Quiz

Which one of these A, and 1/B curves is unstable?
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Quiz

Find the phase margin of each system according to the % overshoot.
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Quiz

Gain (dB)

Phase [deg]
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Find the phase margin of each system according to the AC peaking.
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Quiz

 Find the phase margin of each system according to the Bode plot.
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Simulating open-loop circuits

No DC biasing produces erroneous results!

V- V+ 120
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Simulating open-loop circuits

DC: closed loop needed for SPICE operation

bC IR AC: open loop needed for stability analysis
J R2 1k <
B Vin
v L1 | i
. ) . 5 d Vo 200uV
L < OPAMP%%
v+ x
Vib =
AC R1 1k T R2 1k c1
- Vin
U
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Standard open-loop SPICE configuration

We need an open-loop circuit (no feedback) to generate open-loop gain (A, ), 1/8,
and loop gain (A, B) curves

Vb
R1 1k 1 R2 1k c1aT
AN A ANN Fi "
@) ver
>
V- 21L11T
- 2 PN - 1 i % 0.00] AOL
. N o € Vo S 40.ooj
— > 1
=L OPAMP%E 20001 1/B
v o 0.00- =
__L_. 180 OO*_
2 AoB
— ﬁ 1 R R
AoL_Loapep = VO / Vib ¥ s0o] S~
1/p : 1 / Vfb O.OOT: T’IO fIOO 1lk T’IOk 1‘00!( T’IM fIOM
A V eeeeeeee (H2)
oLB =Vo
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Check DC operating point

Click Analysis = DC Analysis - Calculate Nodal Voltages

Vfb 100uVv
R1 1k 1 R2 1k Cl1T
— NN [ L +
C3 1n @ VG1l
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Generating open-loop curves

Run an AC transfer characteristic analysis over the appropriate frequency range:
Click Analysis = AC Analysis - AC Transfer Characteristic

File Edit Insert Wiew

=lelBs ke

J+Tel£]&

Basic |Switohes| Melets|.

Analysis | Interactive Ta&h Tools

ERC...

Mode...
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Steady State Sohver...
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Digital Step-by-Step

Digital Timing Anahysis...
Digital VHDL Simulation...
Mixed VHDL Simulation...

Symbolic Analysis
MNoise Analysis...
Optimization

Options...

Help

| [ a|fex =1 «d-| -] gili 2[5

e v =]~ [ & [ =[]

Calculate nodal voltages |
Table of AC results

AC Transfer Characteristic...

Phasor Diagram

Tirme Function...

MNetwork Analysis...

Wik
.
R1 1k [ R2 1k 1T

Y

e Macios | Gates | Flip-flops | _Logic ICs-MCLs | AD/DAS55 | R

A2 Transfer Characteristic

1 [Hz]

Start frequency

End frequency

100

Mumber of points

Sweep tupe

¢ Linear e Logarithrnic
Driagram

[ Amplitude I Muquist

[ Phasze [ Group Delay

[w Amplitude & Phaze

10k [H=] K Cancel

s Help

= ol
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Generating open-loop curves

Click the “Post-Processor” button to add the desired curves

File Edit “iew Process Help

=d BElxalg | TFg-a~ O

FTI2.07 4

<0, 35+

Gain (d8)

-32.27
TO2 4

F5. 72+

Phase [deg]

/0

o0

1 1
1.00 2 16K J0.O0ns
Fregquency (Hz)
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Generating open-loop curves

Perform math on the existing curves to create the new curves:
Ao, =Vo / Vib
1/8 = 1/Vfb
AolB =Vo

¥ Past-processar
Avnailable curves:

] Add > I
o

<< Femowe I

Delete I

Showr
v Dutputs

v User defined

A A

Curves to insert:

5= Past-processar
Avnailable curves:

User defined curves

Wb

Add > I

o
<< Femowe I
Delete I

Showr
v Dutputs

v User defined

A A

Curves to insert:

Al

User defined curves

<< Less I

= =1

—_—_—— | Ewilt-in functions: [+ ~] | —_——— | Ewilt-in functions: [+
Line Edit Line Edit
147Ek (=)

|VD(SJ/Vfb(S]
<

€

Mevs function name

{This is a template}
{Don't modify the functionn
Function Fis):
Begin

{Tour expressions here}

{The result walue}
< | (1] »

-~ IADl

=| T Advanced edit
™ v Plot

Open-Loop_Generation. TSC »>> AC Transfer Analysizs

Create I
Freview I

Pl

€

Mews function name

{This is a template}
{Don't modify the functionn
Function Fis):
Begin

{Tour expressions here}

{The result walue}
< | (1] »

~ [pecear

=| T Advanced edit
™ v Plot

Open-Loop_Generation. TSC »>> AC Transfer Analysizs

Create I
Freview I
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Generating open-loop curves

Unformatted results with all curves:

s

“7 Moname - AC Bode20 o | & [ S
File Edit Wiew FProcess Help
b | +-. |+
= | By &gl | TAE-E O] s 2 -] 4 2
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Generating open-loop curves

Use a cursor to determine the frequency where Aolf3 = 0dB, f-, and place legend to
show corresponding magnitudes and phases

File Edit View Process Help | X |935.74k ¥p

=8 B~ gl | TsAE L Ok Al | 42
1204 ] egendi @
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<F0=

20
o T T Y T S Y S T S T S e

=20 Gain : \

Gain (d8)
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Why do capacitive loads cause instability?

* L
== i
vin RV, C. —— Vout fo
i
— -22m i ——— T —————— —

' [ T
700u 175u 250u
Time (s)
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Simulate the effects of output capacitance
Run open-loop analysis on buffer circuit with capacitive load

VR % 1207
L l+ s LOADED
V1-15 = —'V215 — 80
T I S 60 Pole
= = = 40-
Vfb - @
< Cj_ 1T ¢ 207
o1 1/8
Cip 20 ROC = 40dB/dec ' ™
V- L11T 1807
2 j> ras] ~~Ag B fe
. —U gg_ :
B — CLoad 10r &
= OP AMP E:ﬂj 457 \
07 " Ho  qoo 1k 10k 100k # 1M 10M

Frequency (Hz)

Phase margin = 4°
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Capacitive loads — stability theory

Vfb
N~ ci1iT |

||
[ I +
Vin Ro 100
V- Liir (AOL_LOADED)

—Vo

— ClLoad 10n

\ Vb
\,
— ad 10n I

—+

—( Vo
— CLo
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Capacitive loads — stability theory

Ro 100
+
Vin @ f —{(Vo

—___CLoad 10n

Gain (dB)

Phase [deg]

(0]

-20 4

-45-

-90

Ag Pole

10 100 1k 10k 100k iM 10M

Frequency (Hz)

v, 1

- (s) =

Vin 1+S*RO*CLOAD
1

fpoLE =

2 x 1 * Ro * Cpap
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Capacitive loads — stability theory

1207
1007
807
60
40
201

Gain (dB)
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Ao, load
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S 4

Phase [deg]

10 100
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=
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Compensation method 1. R4

‘|fVo

Riso 108
{ VLoad

3
. — ClLoad 10
vin @ - _ ClLoad 10n
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Method 1: R —results

Adds a zero to cancel the pole in loaded Ay,

Vib . E
N\ c11T o 80
g 2

LOADED Pole

)
<
>
Gain
By
83
Y
—
o

L11T
- 0

e 201 ROC = 20dB/dec |
T L 180 ]
T fe

Vo ClLoad | __, E

%7 40 100 = 1k = 10k 100k / 1M TOM
Frequency (Hz)

Phase Margin = 64°
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Method 1: R o —theory

Vfb
Cl1L1T
| | 1
* L[ +
. Ro 100
Vin
AOL LOADED)
V- g L1 1T (Vo
2 - é Riso 108
¢ ve \
3 .
[ — _— CLoad 10n
— OP AMP é Riso 108
V+ p—
— — CLoad 10n F
Vin

(AO L_LOADED)
{ Vo

Riso 108

— CLoad 10n
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Resistor divider analogy

N R1 100
vin C'/D —(Vo
R2 100
Vo R,
Vin. Ry +Rg

+ [ = === -
vVin Cf : é Riso 108 : Z2
I —— CLoad 10n :
. |
. | I
— I — |
_______ ]
Vo 7
Vin Zy+ 74 .
Vo Riso + 55 CLoAD

Vin (R 1 2
sot s )t Ro
Vo 1+ s fgllé%AP LOAD

Vi 1+s*(Riso +Ro) *CLoap

*

RISO & CLOAD
Ro, Riso, @and
CLOAD
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Method 1: R ;o —theory

A, (from data sheet) A, Load

71207
700
8071
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40
20
O.
-204

-40 -10

1807 X 0

'5"}135-\¥ =
] (<5}

90 =.-11.3 -
A (<5}
45 §
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o7 10 700 Tk 70k 700k M 70M
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N
N
o

100 Kk M 10M

[
=
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k Ok
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90 |
45
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J

k 1M 10M

Oecstecccactccccfccsccne

[
o

01 10 100 1k 10k
Frequency (Hz)
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Method 1: R o —theory

|

Ro 100 Py
g s

{Vo =

o

+
Vin @ é Riso 108 -10
(6}

—— CLoad 10n g—ll.s
p— p— g -22.5 | | | | | | |
- - 1 10 100 1k 10k 100k iM 10M
Frequency (Hz)
Vo() 1+ s*Risp * CLoap
— S -
Vin 1+ s (Rp + Riso) * Croap

1
2 * T * Rygp *1CLOAD

fZERO =

£ _
POLE ™ 2 %+ (Ro + Ryso) * CLoap
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Method 1: R, — design

1.) Find the zero frequency, f;gro, Where Ag | paged = 20 dB
2.) Calculate Riso to set the zero at f,cxo

pnrl ON° Aanraac nf nhaca Mmarnin

This will yield between 60°

1
Rieo =
B0 2wk fZER(:)l * CLoAD
Riey =
150 2 % 1t * 146.5kHz * 10nF
Riso =

120

100
80 3 AOL_LOADED
= 60 fZERO = 146.5kHZ
= 40
‘©
O 20
0 fe
204 118 \
~40 rorTTT T AR R | rororrrTy T
7 1k 10k 100k TM 10M

Frequency (Hz)
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Method 1: R,go —design summary

Vlioad

:[ Cload 10n

Pole

Zero

201 ROC = 20dB/dec | ——

180 | .
5’135'\%8 fe Phas;e margin
§ 1 = —_— =64
£ as \

@7 40 100 1k 10k 100k 1M 10M
Frequency (Hz)
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Unstable vs. stable transient results

. /\U/\UAVAW

Voltage (V)

0.00

0.00 10.00u ' 20.00u 3‘0.00u
Time (s)
No compensation - unstable
3 20.00m —
s
N : 15.00m - xlc?
. (@) = 4
Vin =S
g’ 10.00m —| M
=
p— — 5.00m —
0.00 T T T T |
0.00 10.00u 20.00u 30.00u

Riso compensation - stable
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Method 1: R;; — disadvantage

Voltage drop across R,go may noig%rﬂcceptable for certain applications!

] V
10.0m — vin /g o
V- (Vo il Riso Voltage Drop I
) 7.5m —
) 6 MS { Vload E VLoad
3 —+
P OP AMP 5.0m
: ~ i ClLoad 10n RLoad 250 1
. v+ T :
I 2.5m d
0.00 — v _
0.0 u 50 u 10.0 u

Time (s)
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Method 2:

R,so + dual feedback

{ Vload

Cf 470p
| |
1
—( Vo
V_
<t
Riso 108
E N\
+
~ OoP AMP
+
\V+

J— Cload 10n

:

Rload 250
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Method 2: R, + dual feedback — theory

DC circuit AC circuit
Cr: Open Cg: Short
R: Closes the feedback around R,go R >> Z, therefore R is effectively open
VLOAD = VIN . Rahawvac like P~ rircnit
RF 15
NN e
?': CF 470p
(Vo 1.43V t+—<C Vo
V-
. VLioad 1V -
Riso 108 ~ g k Riso 108
—AN . * 6 +—( Vioad

CLoad 10n ——

:|: Cload 10n Rload 250

|
1
|
' R2250
<
3
| :"' \
7+
$J\+
)
v
>
<
T
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Method 2: R, + dual feedback - design

1) Set R\5p using Method 1: R,g5 techniques

2) Set RF SXRiSOXCL<C <1OXRiSO ><CL
= Lfr =

o R
3) Set CF: ~ 10UV LUAD S CF S

R
-~ TH5u ~Luavu

Cr Cr
Rule 3 ensures that the two feedback path.qf\é\éi_ll never create a resonance that would cause instahilitv
"80° LOADED
@ 80"
Riso = 1080 S 6o Pole
£ 40"
5 201 R
Rp = Rygo * 100 © %1
2l ROC=20dB/dec ' ™~
Rp > 10.8kQ 1807
P 135’ f
5% Ry, X C; 10 X R;,, X C; §’35_\AQLB C
=Cr = g 90 ————————
R, Br £ 4§ PR G iR i L g
1 10 100 1k 10k 100k M 10M
S CF S Frequency (Hz)

Phase Margin = 66°
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Method 2: R4 + dual feedback - results

* V oap Matches V, — No voltage divider error!
 This topology has some limitations on settling time and capacitive load range

R1 15k 12.5m —
4474 Vo
C1 470p 10.0m | Riso Voltage Drop
IL % Vin
IV | S
e 7.5m e
V0Load _
Riso 108 VLoad Vioap = Vin
VTS 5.0m
S ]
CLoad 10n 2
T o 2.5m ]
-4 L
O-OO “““““““““‘\““““‘““““““‘
0.0 u 25.0 u 50.0 u

Time (s)
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Voltage (V)

2.88—

2.34—

Summary — solving op amp stability

U1l OPA333

1.00m

— VREF
cc
. ClLoad 1u
vin _:_L Vce 5 —
T T 1
0.00 500.00u
Time (s)

{Vopa
Riso 499
Ul OPA333 —
vin ClLoad 1u
R4 49k
AN
C1l 22n
Il Il {Vopa
Ul OPA333 L RiSp 499 4
Vin ClLoad 1u ——

R1 100k

2.51—
] Vin
{Vload Vload
= Vopa
S £ 2.50
— O
i
o
2.49 T T 1
0.00 2.50m 5.00m
Time (s)
2.53—/—
] Vin
Vioad
E] Vopa
£ 251 P
o]
{Vioad
2.50 T T !
0.00 2.50m 5.00m
Time (s)
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Solving op amp stability

R1 100 R2 100

R1 1k R2 1k

Vin

Vout

Vout

10.00m
Vin |
-10.00m —!
21.28M  peeeee—
Vout J
-20.74m 1
0.00 2.00u 4.00u
Time (s)
10.00m
Vin ]
-10.00m —
30.09m —
b —
Vout ]
-29.54m T T 1
0.00 2.00u 4.00u
Time (s)
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Solving Op Amp Stabilit

R1 10k R2 10k 10.00m
S VAVAV e R VAVA
i Vin |
9 -10.00m -
Vout 75.34m —
Vout 9
Vin |+
— Vcc 2.5
-75.75m T ]
- 0.00 2.00u 4.00u
— Time (s)
R1 100k R2 100k 10 00m
Vin
-10.00m
9 243.36
Vout m
o
2 Vout
+
Vin
-242.50m — T T T ]
0.00 5.00u 10.00u
L Time (s)
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Solving op

R1 1MEG R2 1TMEG
Vout
—
¥
Vin
CF 6.5p
| |
11
R1 1MEG R2 1MEG

Vout

amp

stability

10 00m
Vin ]
-710 00m—
624 00m —
Vout N
-668 59m T |
0.00 10.00u 20.00u
Time (s)
10.00m
Vin
-10.00m 4
20.28m—
Vout
-19.77m f I‘
0.00 10 00u 20.00u
Time (s)
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Questions?
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Thanks for your time!
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