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YI Application note

Operational amplifier stability compensation methods
for capacitive loading applied to TS507

Introduction

Who has never experienced oscillations issues when using an operational amplifier? Op-
amps are often used in a simple voltage follower configuration. However, this is not the best
configuration in terms of capacitive loading and potential risk of oscillations.

Capacitive loads have a big impact on the stability of operational amplifier-based
applications. Several compensation methods exist to stabilize a standard op-amp. This
application note describes the most common ones, which can be used in most cases.

The general theory of each compensation method is explained, and based on this, specific
data is provided for the TS507. The TS507 is a high precision rail-to-rail amplifier, with very
low input offset voltage, and a 1.9 MHz gain bandwidth product, which is available in
SOT23-5 and SO-8 packages.

This document simplifies the task of designing an application that includes the TS507. It
spares you the time-consuming effort of trying numerous combinations on bench, and it is
also much more accurate than using Spice models which are not designed to study system
stability, even though they can give a general trend.
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AN2653 Stability basics
1 Stability basics
1.1 Introduction

Consider a linear system modeled as shown in Figure 1.

Figure 1. Linear system with feedback model

Vin Vout

The model in Figure 1 gives the following equation:

A
out ~ 1+AB' Vin

\Y

A, d closed | i
1+AB IS named close 00p gain.

From this equation, it is evident that for AB = -1, the circuit is unstable (V,; is independent of
Vin)-

AP is the loop gain.

To evaluate it, the loop is opened and -V,/Vg is calculated as shown in Figure 2.

Figure 2. Loop gain calculation

A7 A Vout
vs /G B

Opening the loop leads to the following equation:

Vr
P AB
VS

If a small signal Vg is sourced into the system, and if V, comes back in phase with it with an
amplitude above that of V¢ (which means that A is a real number greater than or equal to 1)
then the system oscillates and is unstable.

This leads to the definition of the gain margin, which is the opposite of the loop gain (in dB)
at the frequency for which its phase equals -180°. The bigger the gain margin, the more
stable the system. In addition, the phase margin is defined as the phase of the loop gain
plus 180° at the frequency for which its gain equals 0 dB. Therefore, from the value of AB it
is possible to determine the stability of the system.

3/22




Stability basics

AN2653
1.2 Operational amplifier modeling for stability study
Figure 3 illustrates the definition of phase and gain margins in a gain configuration.
Figure 3. lllustration of phase and gain Figure 4. TS507 open loop gain
margins
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To apply this stability approach to operational amplifier based applications, it is necessary to
know the gain of the operational amplifier when no feedback and no loads are used. It is the
open loop gain (A(w)) of the amplifier (shown in Figure 4 for the TS507). From this
parameter, it is possible to model the amplifier and to study the stability of any gain
configuration.
Figure 5. Equivalence between schematics and block diagram

@ Weout
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The loop gain is:

Vv, R

_— = A((D) . —9
s R+ Rg

This equation shows the impact of the gain on the stability: if R{/Ry increases, the closed

loop gain of the system increases and the loop gain decreases. Because the phase remains
the same, the gain margin increases and stability is improved.

In addition, if you consider the case of a second order system such as the one shown in
Figure 6, a decrease of the loop gain allows to pass the 0 dB axis before the second pole
occurs. It minimizes the effect of the phase drop due to this pole, and as a result, the phase
margin is higher. Therefore, a voltage follower configuration is the worst case for stability.
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Figure 6. Impact of closed loop gain on stability

AGIoop gain (dB)
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Closed Loop Gain (Casel) < Closed Loop Gain (Case 2)

Figure 7.

Another parameter that impacts stability is the amplifier output impedance Z,. Including

this parameter in the model of the amplifier leads to the model shown in Figure 7.

Follower configuration model with  Figure 8.
capacitive load for loop gain
calculation

TS507 output impedance Z,
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Z, is neither constant over frequency nor purely resistive. Figure 8 shows how the output
impedance varies with the frequency in the case of the TS507. These variations complicate

the stability study.

Finally, to study the stability of an op-amp based system, two parameters need to be taken
into account in order to better fit reality: the amplifier open-loop gain and the amplifier output

impedance. Then, a calculation of the loop gain indicates how stable the system is.
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2 Stability in voltage follower configuration

This section examines a voltage follower configuration because it is the worst case scenario
for stability (compared with a gain configuration).

Figure 9. \oltage follower configuration Figure 10. Closed loop gain measured for a
voltage follower configuration

Voltage Follower Configuration - Closed Loop Gain
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In voltage follower configuration, the loop gain is:
Ml A@

S

1.E+03
1.E+04
1.E+05 -
1.E+06
1.E+07

Frequency (Hz)

‘— Gain without CL — Gain with CL = 550 pF ‘

Z, .
1+=2+jZ,C o
RL

The capacitive load adds a pole to the loop gain that impacts the stability of the system. The
higher the frequency of this pole, the greater the stability. In fact, if the pole frequency is
lower than or close to the unity gain frequency, the pole can have a significant negative
impact on phase and gain margins. It means that the stability decreases when the
capacitive load increases.

Without C|, the system is stable. However, Figure 11 and Figure 12 show, for the TS507, the
oscillations due to instability with and without an AC input signal for a capacitive load of
550 pF. The oscillation frequency is in line with the peaking frequency observed in a closed
loop gain configuration (approximately 1.9 MHz according to Figure 10).
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Figure 11. Input and output signals measured Figure 12. Input and output signals measured
with grounded input for an AC input signal
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To remove this instability and work with higher capacitive loads, many compensation
methods exist, and this application note examines some of them. By adding zeroes and
poles to the loop gain, stability can be improved.

However, compensation components have to be chosen carefully. A compensation scheme
can indeed improve stability, but can also lead the system to instability, depending on the

choice of component values. Similarly, a compensation configuration can work for a specific
load, but modifying this load can affect stability.
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3

3.1

Figure 13.

Out-of-the-loop compensation method

Theoretical overview

A simple compensation method, using only one extra component, consists in adding a
resistor in series between the output of the amplifier and its load (see Figure 13). It is often
referred to as the out-of-the-loop compensation method because the additional component
(RoL) is added outside of the feedback loop. The resistor isolates the op-amp feedback
network from the capacitive load.

Out-of-the-loop compensation Figure 14. Out-of-the-loop equivalent
schematics schematics for loop gain
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From Figure 14, the loop gain with this compensation method is:

RoL .
A(w)- 1+ R +jRo CLo
L

Vr
\Y Ro tZ
s 1+$+](ZO+ROL)CL0)

This compensation introduces a zero in the loop gain, just after the pole caused by the
capacitive load, at:

1
2n- Rg Il R.C_

This pole is also unfortunately shifted to lower frequencies at:

1
2n- (Zo+Ro 1T R.C,

However, due to the zero, the effect of the pole is minimized and the stability is improved. To
obtain a good level of stability, Rg must be chosen such that the frequency of the zero
occurs at least one decade before unity-gain frequency. It then allows a significant shift of
the phase and therefore increase phase and gain margins.

The previous equation shows that if Ry >> Z,, then -V, /V¢= A(w), and the circuit is stable.
In that case, pole and zero occur at the same frequency. However, the value of Rg is limited
by the load impedance, Rg, and R acting as a a divider bridge from the operational
amplifier output. Therefore, in order to minimize the error on Vg ;;, Rg. must be very small
compared to R (for example, a maximum of 1%, but this criterion depends on the required
accuracy).

Finally, this compensation method is effective, but the drawback is a limitation on the
accuracy of V,; depending on the resistive load value.
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3.2 Application on the TS507
This compensation method brings very good results in terms of stability, improving strongly
the phase and gain margins. Table 1 and Table 2 show the results obtained for different load
conditions, in the case of voltage follower and gain configurations. Note that Rq is limited to
1% of R even though better results can be obtained with higher values of Rg, .

Table 1. Results of out-of-the-loop compensation for different load conditions in the case of a
voltage follower configuration for TS507

R =1kQ R, =10 kQ R, =100 kQ
CL

2 (2) (2 (2) (2 (2)
RoL f,0f, D Mg Mo RoL f 08, Mg Mo RoL 1, Mg Mo

(Q (dB) | (degree) | (€ (dB) | (degree) | (kQ) (dB) | (degree)
41 | -285 5 | -34.1 51 | -34.4

1nF
10 ‘ 011 | -25 | -16.8 | 100 ‘ 113 | 16 | 26.9 1 | 113 | 224 | 521
222 | 784 229 | -795 23 | -796

10 nF
10 ’ 113 | -14 | -32.4 | 100 ‘ 113 | 23 37 1 |112.3 226 | 52.3
341 | -84.4 344 | -846 345 | -846

100 nF

10 ‘11.3 171 | 68 | 100 ‘113.3 234 | 39.4 1 |1126 226 | 52.3

1. fy/f, cells are shaded when the value is lower than 10, which is not the best case due to R, limitation.

2. Negative values indicate instability.

Table 2. Results of out-of-the-loop compensation for different load conditions in the case of a
gain configuration of either -10 or +11 (Ry = 100 Qand R¢ = 1 k€ for TS507
R, =1kQ R. =10 kQ R, =100 kQ
CL

2 (2) 2 (2) 2 (2)
IQOL fu/fz(l) Mg M(P I:QOL fu/fz(l) Mg M(P IQOL fu/fZ Mg M(P

(Q (dB) | (degree) | (€ (dB) | (degree) | (kQ) (dB) | (degree)
176 | 84.7 168 | 85.1 16.7 | 85.2

1nF
10 ’ 011 | 19 | 847 | 100 ‘ 113 | 369 | 85.1 1 | 113 | 434 | 85
206 | -16.1 13 | -257 14 | 2509

10 nF
10 | 113 | 72 | 812 | 100 ‘ 113 | 439 | 814 1 |112.6 434 | 848
113 | -69.2 133 | -69.8 133 | -69.9

100 nF

10 ‘11.3 38 41 100 ‘113.3 443 | 806 1 |1126 434 | 848

1. fy/f, cells are shaded when the value is lower than 10, which is not the best case due to R, limitation.

2. Negative values indicate instability.

As expected, Table 1 and Table 2 show that the higher the value of Ry, the better the
compensation (because the best Rg, is always its maximum value R /100).

These results also show that, for a voltage follower configuration, this compensation method
does not work with low R (and low C, ), because the zero frequency cannot be one decade
before the unity-gain frequency of the open loop gain. In the case of the TS507, it works well
only if the Rg, .C, product is above 107°.
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Figure 15. Loop gain

Figure 15 and Figure 16 show the loop gain and closed loop gain respectively. These curves
are plotted for R, =10 kQand C| =1 nk

Figure 16. Measured closed loop gain
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Both figures further demonstrates the stability improvement.

Note that the fact that Z is almost a self at high frequencies (for the TS507) explains the

presence of peaking in the loop gain curve, depending on the load capacitor. This is
because the denominator is equal to

R
1+-2k +j(%(—‘)2 ¥ ROLch) —L(®)C\ ?
L L

with Z, = jL(®)®

It leads to a resonance frequency of approximately
1

2. JL(0)Cp

For the peaking frequency
1
f -

2n LG,
the damping is given by the term:

L(w
= +Ro CLo
L

When there is no compensation, it is only:

L(w
R,

With the compensation, at the resonance frequency,

%92 «Ry Clo
L

therefore the peaking is attenuated.

To help implement the compensation, the abacus given in Figure 17 to Figure 20 provide the
Ro. value to choose for a given C| and phase/gain margins. These abacus are plotted in

the case of a voltage follower configuration and a gain configuration of -10 or +11, with a
load resistor of 10 kQ.
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Figure 17. Gain margin abacus in the case of a Figure 18. Phase margin abacus in the case of

voltage follower configuration

a voltage follower configuration
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4 In-the-loop compensation method

4.1 Theoretical overview

Figure 21 shows a commonly used compensation method, often called in-the-loop, because
the additional components (a resistor and a capacitor) used to improve the stability are
inserted in the feedback loop.

Figure 21. In-the-loop compensation Figure 22. In-the-loop equivalent schematics
schematics for loop gain calculation
H ||
Cr Cr
Vr
Ko

/]

Aoy Zo e Y Vont A@) Zo

- I + I

The loop gain in this configuration, corresponding to Figure 22, is the following:
A(®- [1+]R C, 0

Vr

vV Z +R A

o oavfelRug s RIL)CLm+jR|L(1 " R_O)C”‘(D_ ZoR, C\ C P
L L

It adds a zero and splits the pole caused by the capacitive load into two poles in the loop
gain. This compensation method allows, by a good choice of compensation components, to
compensate the original pole (caused by the capacitive load), and then to improve stability.

The main drawback of this circuit is the reduction of the output swing, because the isolation
resistor is in the signal path.

Note that, for the following cases, R,_is limited to 10% of R|_ (or R;// R|_in the case of a gain
configuration) even if better results can be obtained with higher R values.

But because the feedback loop is taken directly on V, the R,/ R divider bridge does not
create inaccuracy on Vg, as it does with the out-of-the-loop method.

4.2 Application on the TS507

In the case of the TS507, the first pole of the loop gain caused by the feedback occurs
around:

Lo tRyL
Ry ~ 1
z ~ 2n- (RITR)(C+C
or- [(ZO+R|L)CL+R|L(1+E%)C|L} Rt ROCLTC)

1

4
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Table 3.

The second one occurs at higher frequencies where its impact on stability is limited. The
goal of the first pole is to decrease the loop gain to get closer to 0 dB, just before the zero,
occurring at

1
2n- R,.C,

whose goal is to minimize the phase shift caused by the pole. The stability is increased as
the loop gain crosses the 0 dB axis with a limited phase shift. It minimizes the effect of the
second pole caused by the feedback, which is also pushed toward higher frequencies.

Although this compensation method may seem difficult to set up, it brings very good results,
as shown in Table 3 and Table 4, for the TS507 operational amplifier.

Results of in-the-loop compensation for different load conditions in the case of a
voltage follower configuration for TS507

R, =1kQ R, =10 kQ R, = 100 kQ

R | ¢ | Mg@ | Me? | R@ | cp | Mg®@ | M@ | RYW | ¢ | Mg | Mgl
(Q (nF) (dB) | (degree) | (KQ) (nF) (dB) | (degree) | (kQ) (nF) (dB) | (degree)

41 |-285° 5 |-341° 51 |-34.4°

1nF
100 ‘ 1 47 |2a5°| 1 | 04 | 152 |[539°| 10 | 02 | 243 [ 719°
222 |-784° 229 |-795° 23 |-79.6°

10 nF
100 ‘ 2 6 |219°| 1 ‘ 126 | 136 | 612°| 5 | 126 | 133 | 79.2°
341 |-844° 344 | -846° 345 |-84.6°

100 nF

79.4‘ 79 | 65 |343°| 05 ‘ 63 | 65 |669° 0.63| 63 | 62 |706°

1. Ry_cells are shaded when its value is clamped to R /10.

2. Negative values indicate instability.

Table 4. Results of in-of-the-loop compensation for different load conditions in the case of a
gain configuration of either -10 or +11 (Ry = 100 Qand R¢ = 1 k€ for TS507
R, =1kQ R, = 10 kQ R, = 100 kQ
C
L RIL(l) o Mg(z) M(p(z) RIL(l) CiL Mg(2) M‘P(Z) RIL(l) CuL Mg(z) M(p(z)
©Q (PF) | (dB) | (degree) | (9 (PF) | (dB) |(degree) | (Q) (pF) | (dB) | (degree)
176 | 84.7° 16.8 | 85.1° 16.7 | 85.2°
1nF
100 ‘ 126 | 39 | 89° | 100 ‘ 126 | 39 |881°| 100 | 126 | 39 | 88°
06 |-16.1° 1.3 |-25.7° 14 |-259°
10 nF
39.8 ‘ 251 | 402 | 786° | 316 ‘ 316 40.3 | 849° | 31.6 | 316 | 403 | 84.8°
-13 | -69.2° -13.3 | -69.8° -13.3 | -69.9°
100 nF
10 ‘ 631 | 445 | 66.2°| 10 ‘ 631 | 445 | 656°| 10 | 631 | 445 | 656°

1. R,_cells are shaded when its value is clamped to (R, // Ry)/10.

2. Negative values indicate instability.

In a gain configuration, when considering the loop gain, the output is loaded by a resistive
load of R // (R¢ + Rg), where Ry and Ry are the resistors used for the gain. If Ry + Ry << Ry,
the loop gain and therefore the stability parameters are the same whatever the value of R .
This is visible in Table 4 where R¢ + Ry = 1.1 kQwith R =10 kQand R = 100 kQ.
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Table 5.

Table 5 and Table 6 help you to choose the best compensation components for different

ranges of load capacitors (and with R = 10 k<) in voltage follower configuration and in a
gain configuration of either -10 or +11.

However, each case of load can be improved by choosing specific components (seeTable 3
and Table 4).

Best compensation components for different load capacitor ranges in voltage
follower configuration for TS507 (with R = 10 kQ)

Load capacitor range Ry (kQ) CiL (pF) Mrinn;:r;liJrT(ggi)n mi;rig;?rl:r(rgjsggse(;
10 pF to 100 pF 1 251 16.8 54.9°
100 pF to 1 nF 1 251 15.8 42.1°
1 nFto 10 nF 1 631 10.9 27 °
10 nF to 100 nF 1 2500 3.8 18.4°

Table 6.

Best compensation components for different load capacitor ranges in a gain
configuration of either -10 or +11 (Ry = 100 Qand R¢ = 1 kQ) for TS507 (with R| = 10 k<))

Load capacitor range Ry () CiL (pF) Mriqn;;gl;r:n(ggi)n m!]rié?:r(];ggisee)
10 pF to 100 pF 1000 40 39.2 88.8 °
100 pFto 1 nF 39.8 63 37.2 86.8°
1 nFto 10 nF 63 251 36.5 70.7 °
10 nF to 100 nF 15.8 631 39.1 63.1°

Figure 23. Loop gain

These tables are very valuable because almost all the follower and gain configuration
applications requiring compensation have capacitive loads in the range of 100 pF to 1 nF.

Thus, a simple combination of (R, C,.), depending on R, can cover all these cases with a
very good stability.

The loop gain shown in Figure 23, plotted for a voltage follower configuration with C, = 1 nF
and R = 10 kQ shows the instability without compensation. This can also be observed in

Figure 24 with the peaking present on closed loop. Both figures show the benefits of
compensation.

Figure 24. Measured closed loop gain
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The zero and the pole introduced by the compensation are visible on the loop gain.
Introducing first the pole at

1

= 125kHz
2n- (R Il R)(C, . +C))

leads to a gain fall (with a slope of -40 dB/decade with compensation) which allows to come
closer to unity gain. The zero, occurring at

1

1 400kH
2n- R, C,, z

leads to an upturn of the phase so that when unity gain is reached, the effect of the first
poles are limited in terms of phase shifting. Thus, the circuit is stable with a good phase
margin. Furthermore, it leads to an excellent gain margin, because the gain keeps falling
whereas the phase increases due to the zero, before finally decreasing to reach the -180°
point.
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5

5.1

Snubber network compensation method

Theoretical overview

Figure 25 shows another way to stabilize an operational amplifier driving a capacitive load.
The snubber network compensation method consists in adding an RC series circuit
connected between the output and the ground. It is particularly recommended for lower
voltage applications, where the full output swing is needed.

Figure 25. Snubber network schematics Figure 26. Snubber network equivalent

schematics for loop gain
calculation

A(co) —@ Vot :‘X(m) —@
J»CL * J»CL
& -k
—mr CSN ;7r CSN

L

Vs
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Introducing a second load resistor Rgy in the circuit decreases the resistive load, and as a
result, pushes the pole caused by the capacitive load to higher frequencies, from

1
2n- (Z, 1 R)C,

to

1
2n- (Z,11 RUI1 Rgy)CyL

Therefore, stability is increased.
Furthermore, adding a serial capacitor Cgqy with Rgy removes the impact of Rgy in DC.

On one hand, Cqy must be big enough to consider that its impedance is small compared to
Rgy at the frequencies where Rgy plays its role of stabilizer.

On the other hand, Rgy being very small, Cgy must be small enough because when the
frequency increases, the system becomes limited by the current flowing through Rgy and
Cgy (depending on the output voltage swing).

V

Rew — —d
SN CSN(D

Therefore, in the following examples, Cg) is limited to 100 nF in order to not limit the
frequency range.
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In fact, this compensation introduces a zero and an additional pole into the loop gain:

Vo A(® - (1+jRgyCsn®
Vs Z, . (. Zg
1452 +1Z,(C,+ cSN)mﬂ(l + R—L)RSNCSN(D—ZORSNCLCSN(D?

Because Z, is not a pure resistance over frequency, choosing the minimum Rgy is not

always the best case.
5.2 Application on the TS507

For the TS507, according to the abacus in Figure 27 and Figure 28, this compensation
method in the case of a voltage follower configuration, works only if the capacitive load is
less than 1 nF, in order to obtain (at least) a phase margin of 20°.

Figure 27. Gain margin abacus in a voltage
follower configuration

Figure 28. Phase margin abacus in a voltage
follower configuration

Voltage Follower Configuration - Load Abacus
Gain Margin
1.E-06
1.E-07
UNSTABLE
1.E-08
AN
- N I~
= 1E-09 - [~
o
1E-10 \\\\
1EAT = —STABLE
|
1E42 1 : ‘ ‘ . : :
1E+00  1E+01 1E+02  1E+03  1E+04  1E+05  1E+06  1E+07
RL(Q)
[—0dB —10dB —20dB — 30dB]

Voltage Follower Configuration - Load Abacus
Phase Margin
1.E-06
TS507 : [l
Vec=5V
1.E-07 1 Viem=2,5V | |
T=25°C [T
NN UNSTABLE
TE08 1 S N
= T
= 1.E-09 -
o 7 = =
==
1.E-10 4 [ 7
I
|
TE1 ( I STABLE
= s s
LI LT
1.E+00 1.E+401 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E407
RL (Q)
‘—0” —C1(10°) —20° —C1(30°) —40°

Figure 29 and Figure 30 are the same abacus in case of a gain of either -10 or +11.

Figure 29. Gain margin abacus in a gain
configuration of either -10 or +11

Figure 30. Phase margin abacus in a gain
configuration of either -10 or +11

Gain Configuration of either -10 or +11 - Load Abacus Gain Configuration of elther -10 or +11 - Load Abacus
Gain Margin Phase Margin
1.E-06 T T i 1E06 N\, i i T‘SSB7 :
N ‘ TS507 : RN ‘ ‘ ‘ Vee=5V
Y Vec=5V R Viem=25V ||
1.E-07 4 UNSTABLE Viem=25V ||| 1.E-07 = UNSTABLE T2250C
S T=25°C R
N | = N
1.E-08 P ~ 1.E-08 = ==
_ ~ — _ | /
y N c \ /
= 1E-09 < — = 1E-09 4 [
) S — o ] [
1E-10 — — 1E-10 | “ ‘
T I ‘ STABLE
1.E-11 1 1E-11 4 L1l
STABLE i i i 11
1.E-12 . . : : 1E12 i ‘ i L }
1.E+00 1E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+00 1.E+01 1E+02 1.E403 1.E+04 1E+05 1.E+06 1.E+07
RL(Q) RL(Q)
[~ 0dB—10dB —20dB —30dB —40dB  50dB| [—0°—20° —40° 60° 80"
You can use the abacus in Figure 27 to Figure 30 to determine the best Rgy value.
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Table 7 to Table 10 give the results of compensation in a follower configuration and several
gain configurations for different load conditions.

Table 7. Results of snubber network compensation for different load conditions in the case of
a voltage follower configuration for TS507
R, =1kQ R, =10 kQ R, = 100 kQ
C

L Ren | Con | Mg | Me) | Rgy | Csy | Mg® | Me® | Rgy | Coy | Mg | Mgt
(Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree) | (Q) (nF) (dB) | (degree)
-41 |-285° -5 -34.1° 5.1 |-344-

1nF
344 | 100 | 73 [169°| 316 | 100 | 77 |167°| 316 | 100 | 77 |168°
-22.2 | -78.4° -22.9 |-795° -23 -79.6 °

10 nF

135 ‘ 100 | -75 |-183°| 135 ‘ 100 | -7.6 |-185°| 135 | 100 | -7.7 |-185°

1. Negative values indicate instability.

Table 8. Results of snubber network compensation for different load conditions in the case of
a gain configuration of either -1 or +2 (Rf = Rg = 1 k) for TS507
R, =1kQ R, =10 kQ R, = 100 kQ
C
L Ren | Con | Mg | Me!) | Rgy | Csy | Mg® | Me® | Rgy | Coy | Mg | Mgt

(Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree)

24 | 287° 15 | 19.4° 14 | 196°

1nF
58.9 ‘ 100 | 11 | 37.6° | 56.2 ‘ 100 | 109 | 37.6°| 589 | 100 | 106 | 37.6°
157 |-70.9° 1165 |-72.4° 16,6 |-72.6°

10 nF

135 ‘ 100 | -15 | -4° | 135 ‘ 100 | -16 | -41° | 135 | 100 | -16 | -41°

1. Negative values indicate instability.

Table 9. Results of snubber network compensation for different load conditions in the case of
a gain configuration of either -10 or +11 (Ry = 100 Qand R¢ = 1 kQ) for TS507
R, =1kQ R, =10 kQ R, = 100 kQ
C
L Ren | Con | Mg | Me!D | Rgy | Csy | Mg® | Me® | Rgy | Coy | Mg | Mgt

(Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree)

176 | 84.7° 16.8 | 85.1° 16.7 | 85.2°

1nF
171.1 ‘ 100 | 21.6 | 81.8° | 149.1 ‘ 100 | 21.6 | 81.8° | 146.8 | 100 | 21.6 | 81.8°
206 |-16.1° 13 |-25.7° 14 |-259°

10 nF
26.1 ‘ 100 | 113 | 60.6° | 257 ‘ 100 | 113 | 60.7° | 255 | 100 | 113 | 606°
13 | -69.2° 1133 | -69.8° 1133 | -69.9°

100 nF

17.1 ‘ 100 | 52 |-333°| 15.3 ‘ 100 | 54 |-317°| 15.3 | 100 | 5.4 |-317°

1. Negative values indicate instability.
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Table 10. Results of snubber network compensation for different load conditions in the case of
a gain configuration of either -30 or +31 (Ry = 100 Qand R¢ = 3 kQ) for TS507
R, =1kQ R, =10 kQ R, =100 kQ
CL

Rsn Csn | Mg® | Me® | Rgy Csn | Mg® | Me® | Rgy Csn | Mg® | Me®

(Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree) (Q (nF) (dB) | (degree)
26 | 88.2° 252 | 88.4° 251 | 88.4°

1nF
198 ‘ 100 | 298 | 87.3° | 1685 ‘ 100 | 208 | 87.3°| 166 | 100 | 298 | 87.3°
79 |879° 72 | 88° 71 |e881°

10 nF
30.7 ‘ 100 | 196 | 827°| 30 ‘ 100 | 192 | 827°| 30 | 100 | 191 | 82.8°
42 |-447° 45 |-45.8° 45 |-45.9°

100 nF

16.6 ‘ 100 | 34 |638°| 165 ‘ 100 | 33 | 64° | 165 | 100 | 33 | 641°

1. Negative values indicate instability.

Figure 31. Loop gain

The results are almost the same whether R = 1 kQ 10 kQor 100 kQ because in all cases, at

the frequency range that has a significant impact on stability, the resistive load on the
amplifier is Rgy // R = Rgp-

From Table 7, you can see that, in the case of a voltage follower configuration, this
compensation method doesn’t work for capacitive loads higher than 1 nF because Cg) is
limited to 100 nF. Figure 27 and Figure 28 show that lower Rgy values would give better
results. However, in this case, these abacus are not valid because the Cgy impedance is not
negligible compared with Rgy at the frequency range where Rgy plays its role of stabilizer.

For R_ =10 kQand C| = 1 nF, the snubber network compensation method gives the loop
gain and closed loop gain shown in Figure 31 and Figure 32 respectively.

Figure 32. Measured closed loop gain

Voltage Follower Configuration - Loop Gain Voltage Follower Configuration - Closed Loop Gain
Compensation with the Snubber Network Technique Compensation with the Snubber Network Technique
150 q fs— 0 20
130 A Vee=5v - -30
Viem = 2,5V i
110 ™~ (e | -60 10
90 A — i o 0
% 70 \ -120 & 3 With Snubber Network Compensation Technique‘
£ 50 \ f-s0f | =101
38 ™~ \ “ov g 3
30 1 ™ L ) T -180 20
10 \ -210 Without Compensation \J
10 \ Y -240 -30 1 ‘
-30 T T T T T T -270 40 : : :
N -~ o — N [sed < o) © ~
=] o S o =} = =} =} =} =} ® < 0 © ™~
dod & & & & & & & 4 g ¥ g g g
5 . w w w w w
Frequency (Hz) Frequency (Hz)
— Gain without Compensation — Gain with RSN = 30 Q and CSN = 100 nF
— Phase without Compensation — Phase with RSN = 30 Q and CSN = 100 nF \ — Gain without Compensation — Gain with RSN = 30 Q and CSN = 100 nF

This compensation has the main advantage of neither reducing the output swing nor the
gain accuracy, unlike the two other compensation methods. Nevertheless, for the TS507,
this method is limited to capacitive loads lower than 1 nF in a voltage follower configuration,

and the stability improvement provided by the compensation is not as good as with the two
other methods.

19/22




Conclusion

AN2653

6

20/22

Conclusion

Based on the results of the three compensation methods described in this application note,
it can be stated that the best compensation solution for the TS507 is the in-the-loop method.
This is the most complex solution to understand, but a pick-up table is provided in order to
choose the most appropriate components for your application. The main drawback of this
compensation method is a limited output swing.

The out-of-the-loop compensation method is easy to implement because it requires only
one extra component. The way it works is also easy to understand. However, its main
limitation is an inaccuracy on the output voltage because the load is part of a divider bridge.
An abacus is provided to choose the component you need for your application.

Finally, the snubber method is easy to understand and use. It does not have the drawbacks
of the first two solutions. But because the loop gain cannot be considered as a pure third-
order system (because of the open loop gain of the amplifier and the variations of the output
impedance which is not purely resistive and constant over frequency), it does not lead to
great improvements, and it is limited to load capacitors lower than 1 nF in the case of the
TS507. An abacus is also provided for this compensation method. Another drawback of this
solution is that it potentially limits the frequency range of the application for large output
signals due to a strong current flowing through the compensation elements. This
compensation method is not really useful for the TS507.

In conclusion, for the TS507, whenever possible, we recommend to use the in-the-loop
compensation method.

Note, that this document provides typical values for the TS507 at ambient temperature.
Therefore, your chosen solution must in any case be checked on bench.
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