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Simplified Cause of Op Amp Stability Issues

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
Output Capacitive Loads
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Identify Stability Issues in the Lab

» Suggested Tools:
— Oscilloscope
— Signal Generator

» Other Useful Tools:
— Gain / Phase Analyzer
— Network / Spectrum Analyzer
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Identify Stability Issues in the Lab

» Oscilloscope — Time Domain Analysis:
— Oscillations
— Overshoot and Ringing
— Unstable DC Voltages
— High Distortion

Output Response to Step Input
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Identify Stability Issues in the Lab

* Gain / Phase Analyzer - Frequency Domain:

- Peaking, Unexpected Gains, Rapid Phase Shifts
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Solving Op Amp Stability Issues
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Bode Plots —fPPoIe
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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?

AoL

Ay = ——
LT 1+AqB

Ao B = -1 when the
phase at V5 has

 Acircuit is unstable when Ay B = -1 shifted 180° relative

* Ag B = -1 sets the denominator of A5 =0 .
« Ao B =-1when Ay B(dB) = 0dB and to Vin
phase Shift(A.OL.B) = 18.00 R1 10k / Rf 90k
* Phase shift is relative to the DC phase i A e
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« Ex: 10° phase margin = 170° phase shift in Ay 3
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Loop Gain Magnitude — A, 8
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Loop Gain Phase — Phase(Ag B)
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Phase Margin
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Rule of thumb:

Phase margin > 45° is required for optimal stability!
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

10&

0

Gain (dB)

60}
401

201

0,

\umq

i Clok 100k M 10M ROC Phase Margin

120E (dB/decade) (°)

100,

w0 20 45<PM <90
60

- P| 20<ROC <40 45
,/

40 0<PM<45

Gain (dB)

00 1
a LRt
100 10k 100k M 10M

100/

Gain (dB)

1/B

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

Tl Information — Selective Disclosure % TEXAS INSTRUMENTS
20



Indirect Phase Margin Measurements

Phase Margin can be measured indirectly on closed-loop
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Indirect Phase Margin Measurements
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Indirect Phase Margin Measurements

Phase Margin vs ac Peaking
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Quiz

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

* 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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Tl Precision Labs — Op Amps
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Simulating Open-Loop Circuits
No DC biasing produces erroneous results!

V- V+ 120
V1 .15£+ ;vz 15 133_ Wrong open
T T . loop response
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\ ‘ —( Vo 1444V 135
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Simulating Open-Loop Circuits
DC: closed loop needed for
SPICE operation

D .
¢ o Vbe o AC: open loop needed for stability
St o 5 analysis
DC+AC
Vib
R1 1k T R2 1k C11T

N o
T
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Standard Open-Loop SPICE Configuration

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

Vfb
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| |
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120.00+ I
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Check DC Operating Point
Click Analysis - DC Analysis - Calculate Nodal Voltages

Vb 100uV
R1 1k L R2 1k C11T
AN
C3 1n
i | | o
[
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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 View Interactive  T&M  Tools

‘wle|a|s| 3G
FEEE

Basic | Switches | Metess ||
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Digital VHDL Simulation...
Mixed VHDL Simulation...
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Optimization

Options...

Help

[z @i <] & | S0 2<%
i 3t = - | @ [0

& Mactos | Gates | Flipflops | Logic ICsMCUs | AD/DASSS | R
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» Calculate nodal voltages
Table of AC results
AC Transfer Characteristic...
» Phasor Diagram
Time Function...
Network Analysis...

AC Transfer Characteristic @

Start frequency 1 [Ha] | [
End frequency 10M Hzl | 3 Cancel ‘

HMumber of points |1 on

?  Hep
Sweep lupe
" Linear + Loganithmic
Diiagram
[ Amplitude I Mugquist
[~ Phase [ Group Delay
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Generating Open-Loop Curves

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

Gain {dB)

Phase [deq)

40,354

-32.34

File Edit View Process Help

Y DCUEE P e NS () ZINPEE

113.014

Weft-processor

™~

13344

76.72

Q.00

Ll 1
1.00 316K 10.0008
Frequency (HZ)
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enerating Open-Loop Curves

Perform math on the existing curves to create the new curves:

Ao =Vo / Vb
1/8 =1/Vfb
AoB =Vo

% Post-processor

Available curves:

Curves to insert:

=) & =]

% Post-processor

Available curves:

Curves to insert:

Wi Add »> ' OK | Wi Add »> Aol o 0K
Yo Wo
<< Remove x Cancel << Remove x Cancel
Delete ? Help Delete ? Help
Showy Showr
v Outputs v Outputs
| |
| |
r r
v User defined v User defined
O << Less 0 << Less
User defined curves User defined curves
—— Built-in functions: + j ——— Built-in functions: + j
Line Edit Line Edit
Vo i(s)/VEh(s) 1/VEh (5)
P b 4 b
New function name: Mew function name:
{This is a template} - |P.ol| Create {This is a template} + |Betal Create

{Don't modify the functionn
Function Fis);
Begin

{Tour expressions here}

{The result value}
] [ »

=| [ Advanced edit
[ ¥ Plat

Open-Loop_Generation. TSC »» AC Transfer Analysis

Freview

{Don't modify the functionn
Function Fis); =
Begin

{Your expressions here}

[T Advanced edit
[~ %Y Plot

{The result walue} -
4 T »

Open-Loop_Generation. TSC »> AC Transfer Analysis

Preview
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Generating Open-Loop Curves

Unformatted results with all curves:
<7, Noname - AC Bode20 o B /(=)

Eile Edit Miew FProcess Help

=8 BE gl | T E~ Ol N AV 42
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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

phasé'sﬁdn View Process Help | X |935.74k ¥
EMFQ Q|_\ Ehlmi:-'
120+ _.Jm

Gain (dB)

Aol A(835.74k; 6.02)

-40 IR - .
p A(93574k 6.02) =
e Aolp A(935.74k; 0) fc Ph*ase Margin
Phase :
3 fﬁ_k Aol A(935.74k; 69.44) AOI B Phase @ fC
=
g 90
2
& 4]
0 : : 1 : 1 1 .
t 10 100 1k 10k 100k s 1004
Frequency (Hz)
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Why Do Capacitive Loads Cause Instability?
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Simulate the Effects of Output Capacitance

Run open-loop analysis on buffer circuit with capacitive load
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Capacitive Loads — Stability Theory

Vfb
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Capacitive Loads Stability Theory
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Capacitive Loads — Stability Theory

Ao, (from data sheet) Ap Load
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Compensation Method 1: Rs4
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Method 1: R,5; — Results

Theory: Adds a zero to cancel the pole in loaded Ag,
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Method 1: R,5o — Theory
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Resistor Divider Analogy

R1 100

Vin @ Vo

R2 100
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Method 1: R,5o — Theory
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Method 1: R,5o — Theory

Ro 100
{Vo

Riso 108

Vin @

ClLoad 10n

Transfer Function:

Zero Equation:

Pole Equation:
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Method 1: R,go — Design

Design Steps:

1) Find the zero frequency, f,, caused by Ro and CLoad pole
2) Back calculate Ro from at f,

3) Optimize Riso based on AC and transient settling response: Ro < Riso < Ro/10

120 —
Ro Equation: 100
1 80 AOL_LOADED

o = 25 Ry * Cromn o 00 ] f, = 146.5kHz

c 404
R. = 1 8 20 Jom o o o - - —
° 2xmxfp*Croap 0 "N~

.
1

Ro = 3+ 146.5kHz = 10nF jg_ 1/B| e : AN

R, = 108Q
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Method 1: R;5o — Design Summary

2 Riso 108
Vload
. Cload 10n
Vin I
1207 - -
1001
= 807 L LOADED Pole
B 607 K Zero
£ 407
5 207
S 201 q
20 ROC = 20dB/dec ™~

180] ; ,
_ 'f~ Phase Margin
135 \ AOLB AC/ — 640 g

=)

8 I

o, ]

395' _______________________ =l
] |

£ 45 i

01~ 40 100 1k 10k 100k 1M 10M
Frequency (Hz)

Wip TEXAS INSTRUMENTS

Tl Information — Selective Disclosure
51



Unstable vs. Stable Transient Results

w
+
7
+
o \
U
>
=
o
Y
0
(o]
o
(0%}
l
I
C110n

000000000000

Riso compensation - Stable

Tl Information — Selective Disclosure % TEXAS INSTRUMENTS
52



Method 1: R — Disadvantage

Disadvantage:

Voltage drop across R,so may not be acceptable for certain applications!
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Method 2: R, + Dual Feedback
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Method 2: R, + Dual Feedback — Theory
l

DC

Cr: Open Circuit
Rg: Closes the feedback around R 5o
Vioao = Vin
RF 15k
ANy
CF
z.
V- (Vo 143V
2
Riso 108 VLoadV W
— AN —
Vin 1V 31
o
L &
Vin ClLoad 10n &‘
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AC Circuit

Cr: Short
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Method 2: R, + Dual Feedback - Design

Design Steps:

1) Set R ;5o using Method 1: Rgq techniques
2) SetRq: R 2 (Rigg * 100)

3) Set Cy: ws c

10 X R;s, X C
FS iso L

lower values of C = faster settling, higher overshoot

Rule 3 ensures thai the two feedback pgths will never create a resonance that would cause instability

RISO = 108.0..

RF = RISO * 100

Rp > 10.8kQ
5XR;,, XC; <C < 10 X Ri5o X Cp,
Rp RF‘

420pF < Cp < 720pF
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Method 2: R, + Dual Feedback - Results

* V| oap Matches V|, — No voltage divider error!
» This topology has some limitations on settling time and capacitive load range
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Summary — Solving Op Amp Stability
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Summary — AC Stabil

AOL=Vout/Vb
1/Beta=1/Vfb
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Summary — AC Stability Method 2 & 3
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Solving Op Amp Stability
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Solving Op Amp Stability
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Solving Op
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Questions?
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