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Stability

Basics

e Basic feedback equation:

a(s)
Ar(s) =
/ 1+ B(s)a(s)
Thus, feedback moves the poles of the amplifier's transfer func-

tion.

e Poles of Ay are roots of 1+ Ba. Thus, feedback moves the poles
of the amplifier's transfer function.

e The idea is to determine information about the stability of Af
from the loop gain T'(s) = B(s)a(s).
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Nyquist T heorem

Let wigge be the frequency at which the loop gain’s phase angle is
—180°. If

| T'(jwisoe) |=| B(jwigoe)A(jwigee) |> 1

then the amplifier is unstable. Otherwise, it is stable.

Nyquist theorem allows us to answer questions about the stability
of Af by analyzing the loop gain GA.
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Phase and Gain Margin

e Gain margin: decibels below zero of | T'(jwigpe) |-

e Phase margin: degrees above —180° at the frequency wgyp at
which | T(jwogp) |= 1, or 0 db.

m = 180 —|— ZT(ijdB)

Note that ZT (jwggp) is usually negative.

e [ he amplifier is unstable if the gain and phase margins are neg-
ative. If the margins are positive or zero the amplifier is stable
or marginally stable, respectively.
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Peaking and Ringing

e For an amplifier with a transfer function with a second order
denominator and no zeros, the denominator has the form

s + 2&wnps + wg

where &and wy, are the damping ratio and natural frequency,
respectively. The following formulae is valid for such amplifiers.

e [ he quality factor @) is related to the damping ratio as Q) = 2%

e T he gain peaking is given, for ) > \% by

202
J4Q2 — 1

GP = 20log19

e The percent of overshoot (OS) is, for £ < 1, given by

0S(%) = 100exp

Thursday, April 25, 13



e [ he phase margin is related to & and @ as follows

¢m = arccos (\/454 + 1 — 2§2> = arccos <\/

e Some convenient numbers:

om | GP (dB) | OS(%)
60° 27 0.2 ~ 8.8
45° ~ 2.4 ~ 23
30° ~5 ~ 43
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Gain Peaking (dB)
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Rate of Closure

e [he phase of a transfer function H can be estimated from its
magnitude Bode plot. Let Agyp represent the slope of the trans-
fer function's magnitude at crossover frequency, expressed in
dB/decade. If the roots of H are real and at least a decade
apart, then

/H ~ 4.5 x AOdB

e Since | T(s) |=| B(s) || a(s) |, expressed in decibels

1
Typ = a4 + B4 = agB — <B>
dB

SO we can obtain the magnitude Bode plot of T'(s) from that of
a(s) by subtracting that of 1/3. The rate of closure give us the
slope of Ty at crossover frequency and can be obtained from

where Aq and A 5 are the slopes of ayp and (1/8)4p at the
crossover frequency.
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e VWe can use the above formulas to find the phase margin from
the rate of closure. Some easy to remember numbers are:

ROC (dB/dec) | ¢m(degrees)
20 90
30 45
40 0

over 40 less than O
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1/sC
R+1/sC
i 1

SRC+1:s/w0+1

ﬁm’ —

Pole on 3 at 2w fy = 1/RC' is a zero of 1/

The closed-loop transfer function is:

Acl(s) — Azdeall_l_ll/ﬁ m
i o7y o mdo
CL(S) 5 1‘|‘S/C<)B &F S/fB
1 W
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At crossing frequency f,,

‘ a(f:l:) | :
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For ¢,, = 45° — add pole at f,
For ¢, > 45°, let

Jp: freq. of new pole

fro: NEew crossing ireq.

ffi; = tan ¢,
f:l: ¥ \/fa:'pr

oldf - |
- {0, New f,
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Add Rs to Introduce a

>__o pole in |/

|5 RS—I—l/SC

- REER R T
sCRg +1

sC(R+ Rg) +1

Pole of § moves from fy = 1/2nRC to 1/27C(R+ Ryg).
Zero is introduced at 1/2nRgC.
To avoid moving the pole, select Rg << R.

Vin o— A

2

Example: f, = 10°Hz, R = 159k, C = 10nF. Com-
pensate for ¢, = 45° and for ¢,, = 60°.
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Closed-loop response:
1

Ac o= Az eq
l S
Aideal i _S/WO
G- 1
T = ni S
6 : S 1—|—S/(,U()
1
Ac S Az eq
l ; ll+s(1+s/wo)/w7
1
— Az eq
g l1+8/w7+32/w0w7
1
= A

ideall ‘|‘]f/fr _ fQ/fOfT
fx: \/fOfT Q: V fT/fO
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Straylmput : H
capacitance AW My
compensation v.N#D il o >_ :
_i_ +
N R1 X 1/SCn Rl
- R1+1/80n_SCnR1+1 Hoit jf = 9o
— ity % 1) 8C — Fs Ry || 1/sC,, ~ 1/sC,
Ry +1/sCy  sCrRo +1
: 7 Ry || 1/sCy ~1/sC}
B 1/Bo0 =14 C,/Cy
(1_'_ RQ) L= 571 To place pole in a,
- Ri) 1+5f/f» SR -
— 1/27TR2Cf QWRQC]@ o 1+ C, /Cf
— 1/2n(R1 || R)(Ca+ Cy) olify) % fp= 2L =,
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Ci, Spice Example

1 R
MA—y AM—1
I:{22
Vin B
R.. G X2 e
= [
0 )
Cp2 41 51 30pF
X2021020341 51 uA741 _unc
VCC 100 DC I5 RI12 | 2 30k
VEE200 DC -15 Cn2 02 |6nF
*ac source is directly connected to opamp's non-inv input R22 2 3 30k
vin | 0dc O ac | Cf2 2 3 294pF
** circuit to get open-loop response
* Cp places opamp low-freq pole -> CI| | = [50/fp ; units pF SUBCKT uA741_unc | 234567
* Cp 4 5 30pF - original pole position at f<|0Hz * connections:
*Cp 45 |I5E-16 - places pole at 100kHz * | noninv input
Cp 40 50 30pF i 2 inv input
X1 10102044050 uA741 _unc i 3 Vcc
* beta network - 4 Vee
*add Cl || Rl to get a pole on beta network o 5 Output
RI'T 05 30k & 6 Compensation capacitor terminal |
Cnl 05 I6nF . 7/ Compensation capacitor terminal 2
R21 45 30k * use external C2 = |50/fp (in pF)
@5 94Dk *c2 67 30.00E-12 - produces original low freq. pole at ~5Hz
*c2 67 300E-15 - poleto about 60kHz
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Unit db(v(4 db(Cv(4)/v(5))
s Tpevesss
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150.0 \\
\\‘
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/’> [~
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¢E_|33°————----————\\———————--—/ A \\
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N
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frequency Hz
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dB db(v(5)) db(v(3))

100.0

\
80.0 —~

60.0 <

40.0 <

20.0

-20.0

-40.0 y BN

decibel
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-80.
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-120.0 P

-140.0
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-160.0 N

-180.0 =

-200.0
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frequency Hz
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Capacitive Load Isolation

A I:{1 Rz
——/\VWA VWA
>_'—°VOUT
+
B y—
ST
e [ he pole caused by (Cy is located at
1
Aloaded — @ ¢
1+ inp
je 1
where fp = SrroCL"

The following circuit adds phase lead to neutralize the effect of (7 :
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where

Rgs = (R1/R2)ro

and

Ry 27“0
C,= (1 C
/ ( +R2> Ry

This will place the closed-loop bandwidth at f4 = ngcf'
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e For the voltage follower use Rs = 30rp and Cf = \/18w€éﬁft'

where g = 1V/V. The closed-loop bandwidth is f4 = \/187@,@%.

o Keep Rs small to prevent excessive slew-rate degradation.

Thursday, April 25, 13



Internal Compensation Techniques

Basics

Compensation by pole-addition (dominant pole compensation)

Compensation by pole-shifting
(shunt-capacitance compensation)

Pole-zero compensation
(move first pole to lower frequency and

cancelation of second pole)
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. Zy =
External Compensation sCs Ry + 1
R
feedback-lead compensation Husid ,
1/8 = i % L= i ) 7
(l:lf 60 1+ ]f/fp
| R 1
—V\WV\—¢ g 2mCy Ry
B i 1

|
|
||
<"
7 N\
e
_|_
5|
N

For maximum lead, select f. = \/fpf. = fpy/1 + R_f

For this f..
Z(1/8) =90° — 2arctan (1 + Ry /R;)
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Constant
GBP segment for 1/B

1/B,

From f. to f,, frequency is reduced by

W1+ %, so |1/06| must increase by the

same amount. | ' ' 0dB
. , R f fi fi
aGif.) = [1/8G L)) = \/1 W B i
Use this to find f, and then select
R
1 1+ %7

O P =
T T S,
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Reducing T

This affects T but not the Aigeal

R2
VWA

o g >

.|}_9>
%p

.|}_e°°

Assuming r; = oo and rp = 0, Franco's 3 becomes

1 R R R
g 2. g e B
B Ry | |Rc R1  Rc

We need to move %to a(f>), where f5 is the frequency of the second

pole. Since the phase is 135°at this frequency, this would yield a
phase margin ¢,, = 45°.
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Notice that this is equivalent to increasing the closed-loop gain. The
problem with this is that then the d.c. gain is increased and therefore
the effect of the offsets is greater. To reduce this problem, use the

following input-lag circuit:

Input-lag compensation

tt
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I 1+ SCCRC
R _ — R
4 i ” (RC - ch) . 1+ SCC(RC —+ Rl)
P VA _R 14+ sCeRe
"~ Ry+Zy "Ry +sCc(Rc+ Ri)Ry+ Ry + sCcRoR;
P Rl 1+ SCCRC’
. R+ R1+ sCo(RcRe + R1Ry + RoRy1)/(R1 + R2)
i R 1+ sCcRc
e Ri+Ro1+ SCc(Rl || Ro + Rc)
R2 1 ]f/fz
1 — 14+ —
/b ( +R1)x1+jf/fp
1
o = 2nCoRe
A 1
FiAE 27Cc (R, || Re + Re)
R
1/Bsc = (1+ é) X %

R, R, || R,
(1+2) < (+7%)
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1/B

1/Bg

f, T f.
=£ /10

e find f, from a(jf) and the desired ¢,,
e use magnitude of a(jf,) to find R¢

e select C¢ so that f, is at least one decade below f,
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probs 14, 18,27, 36, 38,40
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