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Testing for Feedback Loop Stability
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Ao (9 =—'[\')8 . B(s) = Eﬂg . T(9)= A= '[\') [Nf -
AOL B AOL = p T
A ()= Vou _ as _ NaoL / DaoL
Vi, 1+A0 1+ NAOLN,B/DAOLDﬂ
N poL Dﬂ _ N a0l Dﬁ

DAOL D,B + NAOL Nﬁ NT + DT

We have seen that if T(S) has 3 or more poles, the system can be unstable

if the magnitude of the loop transmission is sufficiently large.

Algebraically, we can find the pole frequencies S, of A, (S) by solving for
NT (Sp) + DT (Sp) = O

...and then check to see if any of the poles lie in the right half of the S-plane,
ie.,8,=0,% |w,; are any of the o, positive ? If so, the feedback loop is unstable

This can be very difficult and/or tedious.
The Bode method is an alternative feedback stability test.

out




Bode Stability Test (1)
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We compute T(jw) or T(j2zf), not T(S),

increasing frequency from DC to +oo,

The feedback loop will be stable if, as frequency increases,

The angle of T does not reach 180° until

the magnitude of T decreases below 1.

To restate more mathematically:
IT(j272f)]] >1 forO< f < f
IT(j2z )| <1 forf > f
and if ZT(j27f)<180° for0< f < f
then the feedback loop is stable.

loop

If both {

loop

loop

If the feedback loop fails the Bode test,

it might or might not be unstable

out
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Simple (but risky) interpretation of Bode Criterion (1)

1 T(j2rf)
A:L:_ ;
B1+T(j2xT)
Att = fIoopJ ||T(12ﬂ-f)||:1
If, at f =, £T(j27f)=180" then T(j27f ) =~1
hence
i I -1 Vo (1277 f000)
AbL(Jzﬂ.fmop):——:oo: t _ loop
ﬂ -1 \/in(127[f|00p)

This implies an nonzero output with zero input = oscillation

This simple interpretation is in fact quite questionable.
Check:

If £T(j2xf
If £T(j2xf
If £T(j2xf

)=179° , then the loop is stable.

loop

oop) = 180" , then the loop is unstable

oop) = 181", is the loop stable ?

out
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Slightly less risky interpretation of Bode Criterion (1)

. . T T,=T
Example: feedback loop with 3 poles in T(S) = ‘ T oo
l+as+a,s +a,;s T, <T,, <T;
As we increase T, to increase the feedback loop gain, the poles move as shown. stable
X
At T, =T,, the poles of A, (S) lie in the LHP
T(j . To=T
(J%"p) # o0 and LT (ja@,,,) <180° o
1+T(J(qoop) T01 <T02 <T03
At Ty =T,,, 2 of 3 poles of A () lie on the jw axis: S, = 0% j@,, unstable
T(] X f
W) oo s LT(11) =180 W
1+T(Ja,,)
o T, =Tg
At T, =T, 2 of 3 poles of A, (S) lie in the RHP T, <T,<T,
T . Ag )
(J%’p) # oo and ZT(ja,,,) > 180’ unstable
14T () )

Wiz

(recollect that, by definition of @, [[T(j@u,) [ =1)

frequency @

frequency ©

frequency @



Danger with circuit simulations
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With T, =T,,, the poles of A, (S) lie in the LHP; feedback is stable
| Ac. (j@)|| is finite for all frequencies

At T, =T, the poles of A, (S) lie on the jw axis: feedback is unstable
| AcL(J@) || is infinite at @ = @,

At T, =T,,, the poles of A, (s) lie in the RHP; feedback is unstable
| Ao (Jo) || is finite for all frequencies.

Finite |A(jw) || for all frequencies does not mean that feedback is stable.

Finite ||A, (jw)|| for all frequencies does not mean that any circuit is stable.

Feedback loops: must use Bode, Nyquist, Root locus etc. stability test.
Other non-explicit-feedback circuits: stability tests can be difficult.

Unambigous test: transient (step or impulse response)

X
-0

T, =T,

T, <T, <Ty

stable

unstable

T, =Ty
Ty <Tg

unstable

Wiz

“Worz

frequency @

frequency ©

frequency @



Bode stability test: example 1" -

Example:

Ay (j27F)=— Proe
L+ Jf 7 fo A+ Jf 7 o)A+ JE 7/ £55)

10°

T+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)
B(i2x )=, =1/1000

floop ~8 kHz

ZT =-130° at 8 kHz
phase margin = 180° —130° = 50°

120

90—
80—
70—

Fadal

I'T[[(dB)

| Ao (127 1) ]

/B

50—
40—
30—
20—
10

dB(VoltGain1)

1E-1

180

1E2 1E3 1E4
freq, He

135—

90—

45—

0—

-45—]

phase(VoltGain1)

-90—

angle of A, (j27xT)

GE

-180

1E-1

| | I
1E2 1E3 1E4

freq, Hz
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Bode stability test: example 1 e PN

100
223 only slight gain peaking
70
60
50—

Example:

Ao (j271) = — Pooe
I+ jf / fo A+ jf /o, )A+ 7/ fo5) ]

10—

dB(VoltGain1)

. 106 01E—1 1| 1|IE1 1||52 1|é3 1|l_4 WIIES HIEG 1||ET 1E8
- . . . freq, Hz
(1+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)
. 135—
,B(j27zf):,80 =1/1000 o | angleof A (j27T)
s 45
- ’ phase shift becomes
= .
~ T more negative
f|00p ~ & kHz g g '
A as frequency increases
ZT = _1300 at 8 kHZ 135 i
. 0 0 0 120 I I \ | I T T T |
phase margin = 180" —130" =50 €4 1 1Bt 1E2 1E3  1E4 1ES  1E6  1E7  1ES
freq, Hz
1.4
Aps ]
1.2
1.0—
& 0.8
= i
£ 06— [ response to ImV input step-function
0.4
0.2— stable
00 |[|1|1[II[|1[||II][I[I]I

0 100 200 300 400 500

time, usec 8



Bode stability test: example 2

Example:

Ay (j27F) = — Moo
A+ jf /T A+ jf 7 fo A+ jf 7/ fo )

10°

"1+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)
B(i2xf)= 4, =1/100

floop =25 kHz

ZT =—=179" at 25 kHz

phase margin = 180° —179° =1°
Loop i1s just barely stable

....had to do transient test to be sure...

dB(VoltGain1)

phase(VoltGain1)

120

110
100—]
90—
80—
70—
60—
50—

A0

| Ay (j27 D) |
I'T[[(dB)

1/

180

30—
20—
10—

1E-1

1 1E1 1E2 1E3 1E4

freq, Hz

135—

90—

45—

00—

angle of A, (j27xT)

I [ | | I
1 1E1 1E2 1E3 1E4

freq, Hz
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Bode stability test: example 2 g T

90—

80—

EX&H’IplGZ g ;g:: extreme gain peaking
- AoL pe g ‘;3—
Ao (127F) =—— — . o
(1+ Jf / fou)(l"' Jf / fOLz)(1+ Jf / f0|_3) 10—
¢ | T T \ T T \ \
106 1E-1 1 1E1 1E2 1E3 1E4 1ES 1E6 1E7 1E8
— freq, Hz
(1+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz) ¥
ﬁ(JZﬂ.f):ﬂo =1/100 B angle of A, (j2x )
% 42_ phase shift becomes li
1:Ioop ~25kHz £ g0l More negative
T = _1790 at 25 kHz -135-|as frequency increases
s 0 0 _ 10 -18015-1 4 1 B2 1E3 14 1ES  1Es  1E7  1EB
phase margin = 180" —179" =1 e i
LOOp 15 JU.St barely stable DS 200_: response to ImV input step-function
....had to do transient test to be sure... 150 ﬂ ﬂ just barely stable
oy E
£ 5]
= 100__
2 p
50— “ u
0IIilIIII|I||I|||1|li|l||l
0 100 200 300 400 500
time, usec

10



Bode stability test: example 2
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recall: || A (S)|lo< (D, D,5..) /(DD 5

LA, (9)=0,+6,+..-6,-06

p2 T e

Example:

Ay (j27F)=— Proe
I+ Jf 7 fo DA+ JF 7 o)A+ JE 7/ f5))

B 10°
~ (1+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)
B(j2rzf)= B, =1/100

fioop =25 kHz

LT ==179" at 25 kHz
phase margin = 180° —179° =1°
Loop is just barely stable

Note the variation of the phase of A, (jw)

with frequency

polesof A,(s)  jw Jo jo
2 Dw --------
' 777777777777
D =)
S . > ~
PCLT P >
""""" (&)
c
g
o
o s @ v s :
* g
i
. c c
SperL3 1AL i
inear
cll’
D, Dy, l:[_?
Spers
poles of A _(s) jo
0%, 8
§ )
2pCLI -
,,,,,,,,,,,, Q
-
O
4]
| -l
Y
P3 o 50" 180" 270"
Spcs
angle of A

P2

11



120

Bode stability test: example 3 ;-
Example: BGE | Tl (dB)

Ay (j271)=—— Pope
I+ jf /7 fo A+ JF /T )+ JE 7/ £5))

10°

| Ao (127 T) ]

dB(VoltGain1)

40— : 1/p

" (1+jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)
B(j2f)=pf, =1/81 10-

1E-1 1 1E1 1E2 1E3 1E4 1E5 1E6 1EF

floop ~35 kHz freq, Hz

180 )
/T ~+175° at 35 kHz T \
phase has gone past 180"

90—
Loop is just unstable

o
[8)]
I

angle of A, (j27xT)
....Just barely

o
|

phase(VoltGain1)
&
I

8
1

-135—

-180

I ! | | I | | |
1E-1 1 1E1 1E2 1E3 1E4 1E5 1E6 1E7

freq, Hz
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-

Bode stability test: example 3 " o A o

90—
80—
0 extreme gain peaking
60—
50

Example:
= B
AbL,DC ®

A, (J27f)= : : : e
- I+ jf / fo )+ jf / o)A+ T/ fo) -

10—
0

(VoltGain1)

106 1E-1 i €1 182 63 1E4 185 16 &7 18
— freq, Hz
(1+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)
,B(Jzﬂ'f):ﬁ =1/81 ol angle of A, (J2x T)
0 -
'g 45—
f ~ 35 kHz % 45| phase shift becomes
loop 5 g| more positive
LT = +1750 at 35 kHz -135——as frequency increases
phase has gone past 1800 1 1 IE1 1E2 B3 {E4 1ES 1E8 167 1EB

freq, Hz

Loop i1s just unstable

soe 290—Tresponse to ImV input step-function
....Just barely e
Z  100—
§ 50—
0—

unstable
-0 A R — | |
0 20 40 60 80 100

time, usec 13



Bode stability test: example 3

recall: || A (S) [l (D, D,,...)/ (D, D) 5

LA, (89)=0,+6,+..-6,-06,,—..
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Example: polesof Ay(s)  jo jo
Ao (j2rf)=— Por.oe . e
I+ 8/ o A+ JF /7 fo A+ JE 7/ 155)
— 106 D
(1+ jf /10 Hz)(1+ jf /10 kHZ)(1+ jf /100 kHz) s~
B(j2xf)=p,=1/81 - L
froop =35 kHz I+1=2 7"
ZT =+175" at 35 kHz
jo

poles of A(s) Jjo
phase has gone past 180"

Loop is unstable

Note the variation of the phase of A, (@)

with frequency :

“PCL3

frequency ®

|A, ], linear

+180° 490" 07
angle of A

14



Bode stability test: example 4" -

Example:
Ay (j27F) = —— Moo
(+Jf /T A+ Jf / o)A+ Jf 7/ fo5)
10°

I+ jf /10 Hz)(1+ jf /10 kKHz)(1+ jf /100 kHz)
B(j2xf)=f, =1/10

floop = 900 kHz

ZT =+140° at 900 kHz
feedback loop phase has gone well past 180°

Loop is unstable

120

90

70—
60—
50—
40—
30—

20

dB(VoltGain1)

s |IT1(dB)

| Ao (127 1) ]

10—
0

1E-1

180

1E3 1E4
freq, Hz

RIS

90—

S

45—

0—

-45—]

phase(VoltGain1)

-90—

-135—

-180

angle of A, (j27xf)

| I
1E3 1E4

freq, Hz




Bode stability test: example 4

Example:

Ay (i27F) = — Moo
A+ jf 7 fo A+ jf /o ,)A+ jF 7/ T55)
_ 10°
(1+ jf /10 Hz)(1+ jf /10 kHz)(1+ jf /100 kHz)

B(i2zfy=p,=1/10

floop = 900 kHz

ZT =+140° at 900 kHz
feedback loop phase has gone well past 180°

Loop is unstable

120
T 110

dB(VoltGain1)

phase(VoltGain1)

-135—

A pLe
......

Vout, V
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100—]
90
80—
70—

60—

50—

|
I
I A (272 F) ] |

only slight gain peaking

...even though feedback loop is unstable

=

T | T I T I T

|
1 1E1 1E2 1E3 1E4 1E5 1E6 1E7 1E8

freq, Hz

angle of A, (J2x T) ’ T

phase shift becomes
more positive

as frequency increases

1E-1

I T I \ I \ I I

1 1E1 1E2 1E3 1E4 1E5 1E6 1E7 1E8

freq, Hz

response to ImV input step-function

unstable

IIII|I1I[]!III|IIII|IIII]II1I

10 20 30 40 50 60

time, usec
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Bode stability test by hand
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Most of the notes in this set use CAD-generated plots

When working by hand (pencil and paper):

1) Make asymptotic plots of dB(||T||) , or of dB(||A,,|) and dB(|[1/ B]|)

2) If the poles in T(S) are real, calculate the phase of T from

ZT(f)=arctan(f / f,)+arctan(f / ) +...
—arctan(f / f ) —arctan(f / f ) —...

3) Simply evaluate (2) for f = f

loop

to find the phase margin

dB

[ITI], dB

% -20 dB/dec
A
prou
fonorz
[IT]] ;
18 -20 dB/dec 60 dB/dec
FL prOLB
fz[}l prI
fl’oop
frequency (logarithmic scale)
-20 dB/dec
B | 0 dB/dec
re |
prouf -40 dB/dec
-60 dB/dec
pAOL3
frequency (logarithmic scale) ]\

f!oop
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