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Op amp stability iss
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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
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ldentify stability issues in the lab

Suggested Tools:
— Oscilloscope
— Signal Generator

Other Useful Tools:

— Gain / Phase Analyzer
— Network / Spectrum Analyzer
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ldentify stability issues in the lab

Oscilloscope — Time Domain Analysis:

— Oscillations

— Overshoot and Ringing
— Unstable DC Voltages
— High Distortion
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ldentify stability issues in the lab

Gain / Phase Analyzer - Frequency Domain:

- Peaking, Unexpected Gains, Rapid Phase Shifts
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Voltage (V)

Solving op amp stability issues
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Bode plots — pole
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Bode plots — zero
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O p am p O p e n I O O p m O d eI OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY
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Op amp closed loop model

Aol Vout

= Vout

6(% = Open Loop Gain
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VFB Rl
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When is an amplifier unstable?
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« Acircuit is unstable when Ay B = -1
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* Phase shift is relative to the DC phase
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Loop gain phase — phase(Ag B)
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Gain (dB)

Phase margin

Phase [deg]
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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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1/B(dB) = 20dB at DC, then
increases by +20dB/decade after
the zero frequency

Rule of thumb: Rate of closure = 20dB is required
for optimal stability!

Rate of Closure = |Slope(Ay;) — Slope (%)‘

\Rate of Closure = |—20dB — (+20dB)| = 40dB
T

Unstable because rate of closure > 20dB!
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Rate of closure — stable example f = Feedback Factor = &=
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Rate of closure (ROC) and phase margin
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Indirect phase margin measurements

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

Phase margin vs Percentage Overshoot
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Indirect phase margin measurements
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Analog Engineer’s Calculator — overshoot

aaaaaaaaaaaaaaaaaa

isc
Links
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- s °

\ ti.com/tool/ANALOG-ENGINEER-CALC /

~

Analog engineers calculator

Free software for download from Tl.com
Determine phase margin given overshoot
Enter as percentage or voltage
Download at:

PPPPPPPPPPP
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Multiple choice quiz

1. Which of these is not a cause of amplifier instability?

a) Capacitance on the amplifier's output to GND

b) Capacitance on the amplifier’s inverting input

c) Large value feedback resistors

d) Low valued resistors on the amplifier's output to GND

2. Amplifiers with stability problems are ?

a) Only sensitive to transients on the input
b) Sensitive to transients on the input, output and power supplies

25
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Multiple choice quiz

3. Amplifiers with DC inputs (eg. Reference buffer) will not have stability issues?

a) True
b) False

4. Which of the following is a common method for stability testing?

a) Apply a sinusoidal signal, monitor the amplifier output with an oscilloscope

b) Apply a small signal square wave input signal, monitor the amplifier output
with an oscilloscope

c) Apply a triangle wave input signal, monitor the amplifier output with an
oscilloscope

26
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Multiple choice quiz

5. Which one of these A5, and 1/B curves is unstable
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Multiple choice quiz

6. Which one of these A5, and 1/B curves is unstable
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Quiz

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

8. Find the phase margin of the system according to the AC peaking
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Quiz

9. Find the phase margin of each system according to the Bode plot
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Stability — Part 2

Tl Precision Labs — Op Amps
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Simulating open-loop circuits

No DC biasing produces erroneous results!

Wrong open loop response
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Simulating open-loop circuits

DC [ DC: closed loop needed for SPICE operation

AC: open loop needed for stability analysis
Vfb 100uV
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Standard open-loop SPICE configuration

We need an open-loop circuit (no feedback) to generate

open-loop gain (Ag,), 1/B, and loop gain (A, B) curves
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Check DC operating point

ﬂ_,, Moname - Schematic Editor
File Edit Insert WYiew Analysis T&M Tools TI Utilities
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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 Help
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Generating open-loop curves

<y Moname - AC Bode8 — O X
File Edit Wiew Process Help
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161.57 - i I
missing curves
? 80.78
£
0.00 LA . . . ———]
1.00 10.00MEG
Frequency (Hz)
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Generating open-loop curves

% Post-processar

Availlable curves: Curves to insert:

=S BoR =5

= add >
Yo
<< Remaove
Delete

Shiones

v Outputs

-

.

-

v Uszer defined

-

Uzer defined curves

W OK
x Cancel

‘? Help

<< Less |

— I Built-in functions: +
Line Edit

= =——]|

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

AOL =Vo / Vfb
One Over Beta =1/Vib
Loop_Gain =Vo

* Note: Math symbols cannot be

Vo =z) /VEb (s)

M ews function name:

{This is a template} - |Anl|
{Don't modify the functionn
Functicn F(s); = | Advanced edit
Begin [ XY Plat
{Tour expressions here}
{The result walue} -
4 L1 3

Open-Loop_Generation. TSC > AL Tranzfer Analyziz

Create

Prewview

K used in the function name /
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Generating open-loop curves

7 Naname - AC Bade20 B=u HoR | F<2
File Edit Miew Process Help
b | +.|+
28 B g | THAE~ O NN H N 42
149,03
T 43.35
&
=323

78724 \

Q.0

Phaze [deg]

1.00 el )

F0.0s

Frequency (Hz)
AC Bodel4 | ACBodel5 | ACBodel5 | ACBodel7 | ACBodel8 | ACBodeld | aCBadeznl 40|

W

In the gain magnitude keep: AOL, \
Loop_Gain, and One_Over_Beta.
Delete other curves.

In the phase section, delete all
curves except for Loop_Gain.

Click on X and Y axis and re-scale

as desired. /
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Generating open-loop curves

File Edit View Process Help

[ X 935,74k

¥

enl@&lfﬂg rls (a2l 42

oM

20, %tndl
1005
&0
o 60
=2
c  d0-
o
© 20
[ T I T T S T T Y S Y TR S .~ g i
20 Gain
-40 Aol A(935.74k; 6.02)
(50 1/p A (935.74k; 6.02)
'] Aolp A(935.74k; 0)
- Phase :
E \ Aolp A(935.74k; 69.44)
3 %]
e B
& 45l \
ﬂ L L] L L] L L] 1
i 10 100 1k 10k 100% iy
Frequency (H2)

/

Q

. Place the cursor on Loop_ Gain

Use -2 | to activate cursor. \
=

Type in Loop_Gain =0 dB and
press enter. The cursor will
jump to appropriate frequency.

Use _E to generate a legend.

The legend will show phase
margin /

Phase Margin = Aol*
Phase @ f
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Why do capacitive loads cause instability?

10m

Vin 0__

;IV\ Vout ]
( -10m -

L
+ 22m —
T | o
Vin C_/D v C. —— Vout
1
— -22m e

' - |
100u 175u 250u
Time (s)

42
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Simulate the effects of output capacitance

Run open-loop analysis on buffer circuit with capacitive load

+

V215

I 5

T C11T
| |

[l +
Vin
)
V- 3L11T
]

O

—— Cload 10n

AOL_LOADED

100 1k 10k

100k A 1M 10M
Frequency (Hz)

Phase Margin = 4°
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Capacitive loads — stability theory

Vfb

T C11T
S |

A +
Vin . Ro 100
(AOL_LOADED)
- Aol C_/D Vo

— CLoad 10n
— +

e—( Vo

(AOL_LOADED)

] — _ClLoad 10n

1L .
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Capacitive loads — stability theory

0 '
.
. A, Pole |
m ]
) -20 '
J= ;
Ro 100 © ’
O "
Vo -40 :
0 (]
—_ClLoad 10n v
© '
[} U
S. -45-

1) (]
L 0 ]
S '
e ]

0- '90 T T T T T T T T T .‘ T T T

10 100 1k 10k 100k 1M 10M
Frequency (Hz)
T fer F ti % (s) !
ranster Functon: ——(s)=
Vin 1+S*RO*CLOAD
f B 1
Pole Equation:  7POLE ™ 24w« Ro * Coap Y
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Capacitive loads — stability theory

A, (from data sheet) Ay, Load

o 801 A, Pole

0. X -40

resssjicecssssshpecssssencansssy e

180 90
$135 \ g
S, | X!
[} 90 'I' 457
w0
& 45 \ 2
o 0 T T T T T T 1 i T T T T T T T —T T T T T T

1 10 100 1k 10k 100k 1M 10M o3 10 100 1k 10k 100k 1M 10M
Frequency (Hz) Frequency (Hz)

Gain (dB)

Loaded Ay, =

Phase [deg]

1 10 100 1k 10k 100k 1M 10M
Frequency (Hz)
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Method 1: Rg4

—_ ClLoad 10n

-

Adding Riso can stabilize the
circuit. We will discuss:

\_

How it stabilizes the circuit (zero
cancels pole)
What value is required?

N

J

47
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Method 1: R, — results

Theory: Adds a zero to cancel the pole in loaded Ay,

Vib 100

T C1L1T o
o || T 60-

-

o

O

AOL_LOADED

[ [ + _ ]
Vin ]
. @ y.
V- 3L11T

° - -20 7

ROC = 20dB/dec

Riso 108

[s)
b}
~— Cload 10n =
Vo [ o 90
[73]
o
i
o

45 |

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

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

Vfb

{

—— Cload 10n

Ro 100

§ Riso 108

— _ClLoad 10n

Ro 100

Vo (AOL_LOADED)

Riso 108

— Cload 10n

+( Vo  (AoL LoapED)

49
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Resistor divider analogy

VIN B 14+ s+* (RISO + RO) * CLOAD <4+— P0|e RO’ R|SO’ aﬂd CLOAD

50

|
I — ol
I I I
‘ ! | % Ro100 | Z4
I S S o
N R1 100 i +—( Vo
+ e
. |
Vin Cj) Vo : Vin C_/D : é Riso 108 | Z,
[ I
R2 100 | ] |
l : — CLoad 10n :
| I :
I I
— — I VO _ ZZ p— | _; |
| Vin Z,+Z; | Jl
I 1 ST
| Yo _ Riso + 5% CLoap
VO e RZ I/IN B 1
Vik. Rz+Ry I (RISO T S * CLOAD) Ko
|
l Vo 1+ s*Rigo* Cronp € Zero: Riso & Coap
|
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Method 1: R, —theory

Ao, (from data sheet) Ao, Load

>
=}

N
()
-
(@]

A, Pole

I
a1

Gain (dB)
83
Gain (dB)

1
N
(=R

=
(@

-

(o]

S
o

-11.3

Phase [deg]
Phase [deg]

901
ol \
-22.5

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

O *P=Reecccccccreccccccca

k 1M 10M

1207
100
801
60 |
401
207
2
-201

Loaded Ay, = 40
180

Gain (dB)

Phase [deg]
A © E
a O o,

O eccolcccccccopoecccdecccccnne

=
o]
=

100 1k 10k M 10M
Frequency (Hz) 51

o
=
=3
o
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Method 1: R, —theory

1
Ro 100
Vo
+
Vin (_/3 Riso 108
— —ClLoad 10n

A, Zero
A, Pole

Gain (dB)

Phase [deg]

O PeReccccccccseccccnca

1 | iO | iOO ik iOk 10 kl‘M 1‘OM

Frequency (Hz)

o

Transfer Function:

Zero Equation:

Pole Equation:

1+ 5s*Ris0 * Croap \

A
—(s) =
Vin 1+s*(Ro+ Ryso) * Croap
B 1
Jzgro = 2*1* Rigo * Croap
1

Jroe = 2*x1*(Ro + Rysp) * Croap /
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Method 1: R, — design

Design Steps:

1) Find the zero frequency, f;gro, Where Ag | pageq = 20 dB

2) Calculate Riso to set the zero at f,rq

This will yield between 60° and 90° degrees of phase margin

. . 100 3
R,so Equation: o E AoL Loaped
1 7]
B0 2% 1 * frpro * Croap @ 60
2 40 3
1 s 20dB /
Riso = O 20 Jem e e e e e o o e = —
2*xm*146.5kHz * 10nF fC
0 - l
Ris, = 10802 201 1/8 : \
-40 - ] T T AR """'II' )
1 10 100 1k 10k 100k M 10M

Frequency (Hz)
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Alternative method

Other method shows

Riso = 1080Q / \
Minimum value for Riso for stability:

. 1+ 1+(87T'R0'CLOAD'fb)
Riso 48 Riso = J gow
ANA— VLoad 47 Cuoap * Jgow

» This will provide 45° of phase margin

» Decreasing R < further will reduce stability
. ClLoad 10n ISO
Vin \J/‘+ T below 45° and is not recommended
» Going forward the presentation will use

kvalue from first method 108Q /

Check out the app note for more detail: http://www.ti.com/lit/pdf/sboa418

W3 TEXAS INSTRUMENTS


http://www.ti.com/lit/pdf/sboa418

Method 1: R, — design summary

Vo

Riso 108
A\ \N\——¢— Vload

!
1
I
- I

+ —— Cload 10n \ lfC
. 135 AoLB !
Vin C_/‘) V+ | :
i I
= : !

01 " 10 f00 1k 10k "'mok/'%}'br 10M

Frequency (Hz)

Phase Margin = 64°
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Unstable vs. stable transient results

)

V- SW_Riso
2 K -

i 2 NN
314 Riso 108

~ OPAMP |

Cf) Vin v S
20.00m — 20.00m —
E ﬁ Vin 7 -
15.00m -] /\ vo 15.00m Vo
S :
i:E’m.OOm— /\ /\/\/\/‘ = £10.00m N
S o
5.00m —| 5.00m —|
0.00 T T T T | 0.00 T T T T |
0.00 10.00u 20.00u 30.00u 0.00 10.00u 20.00u 30.00u
Time (s) Time (s)
No compensation - Unstable Riso compensation - Stable
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Method 1: R, — disadvantage

Disadvantage: Voltage drop across R,s, may not be acceptable for certain applications!

12.5m —
V- ¢— (Vo 10.0m vin
] Riso Voltage Drop
2 -
Riso 108 7.om —
6 ( Vload ] VLoad

3 YN | ]
OP AMP 50m —
{ CLoad 10n—— < RLoad 250 i
Vin T 1
CJD V+ 2.5m -

— o 0.00 - | ‘ |

0.0 u 50u 10.0 u

Time (s)
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Method 2: R, + dual feedback

)
Rf 15k
A'AA"
Cf 470p
+ | |
\L} /Dual feedback approach: h

+—( Vo « Doesn’t have voltage divider
issue that simple R, has
 More components

* Longer settlin
\__—°™ ) Y,

T { Vload

Cload 10n Rload 250
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Method 2: R + dual feedback —theory

59

|
DC Circuit I AC Circuit
|
Cr: Open ' C.: Short
Re: Closes the feedback around R,gq I R. >> Z., therefore R is effectively open
Vioap = Vin : Behaves like R,gq circuit
I
RF 15k I
WV I CF 470p
CF I —
¢ <. | +—( Vo
V- ¢ (Vo 1.43V |
= Riso 108 Vioad 1V : 2 : RISO - +—( Vload
o !
_ 3 MAr—oee I OP AMP J—
Vin 1V ] . I + Cload 10n Rload 250
+ .
vin CLoad 10n — §§ i vin <f> :|:
o
| — = —
I
I
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Method 2: R, + dual feedback - design

Rf

Design steps: M
ICT Voutl
1. SetRgq using method 1: R,g techniques A —<
Riso = 1080 Vee
2. SetR:: R:2(Rn*100 b ] Riso 108 Vload1
r Re 2 ( 1ISO ) 3 +> . AN ¢ —
RFZ RISO * 100 % OPAMP _
Rf > 10.8KQ ; 1 L& <8
VGl@ Vcc -c.‘: -gj
3. SetC.: S z
SXRiSOXCLsCFsl()XRiSOXCL 1 - =
Rp Rp
420pF < Cg < 720pF Notes:

* Rule 3 ensures that the two feedback paths will never
create a resonance that would cause instability
* Lower values of C = faster settling, higher overshoot
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Method 2: R, + dual feedback — results

4 )
* V| oap Matches V), — no voltage divider error!

» This topology has some limitations on settling
time and capacitive load range

\- Y,
R1 15k 12.5m -
AN e Vo
C1 470p 10.0m Riso VoItage Drop
. | | Vin
[ k
V- (Vo 7.5m y .4
5 Vioan = Vin
Riso 108 VLoad 5.0m
o— o ( ]
3 |
. Xl orpamp Q 2 5m
1 10 ]
Vin @ - CLoad 10n —— §&I
1 L 0.00 T [ e
— - 0.0 25.0 u 50.0 u

Time (s)
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Voltage (V)

Solving op amp stability issues

2.51
(Vopa
Riso 499 *g
Vload g 2.45 Vin
[
 (VREF x Vopa
ClLoad 1u S Vout
O _
o
Vin _| Cload 1u l
239 T I T I T I T I
— 0.00 1.00m 2.00m 3.00m 4.00m
Time (s)
2.88
R4 49k
2.65
;vw /\
i ﬁ C122n
H (vopa ] ——— Vin
2.34 = — Vout
. 2
Riso 499 2 553
Ul OPA333 ——AAA— Vload o o —
4 T é
4 <Ss
Vin CLoad 1u — - ]
= Vcc5 | o
1.80 : : . | : — I
0.00 1.00m e 2.00m - - 240 I . I . I . I
0.00 1.00m 2.00m 3.00m 4.00m

Time (s)
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Other stability topics and methods

Breaking the loop on a differential amp

OP AMP STABILITY

BREAKING LOOP

Capacitance on the inverting input

OP AMP STABILITY

CAPACITANCE ON
INVERTING INPUT

ON DIFFERENTIAL

AMPLIFIER
Tl Precision Labs

Tl Precision Labs

[=]
1=
o

ti.com/precisionlabs

W3 TEXAS INSTRUMENTS



64

Thank you for your time!
Questions?

Tl Confidential — NDA Restrictions
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